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ABSTRACT 
The Borrowdale Volcanic Group c o n s t i t u t e s a major part of the 
Ordovician succession i n the E n g l i s h Lake D i s t r i c t . I t comprises a 
s u i t e of l a v a s , t u f f s and ignimbrites with a maximum measured t h i c k -
ness of 5 km. The rocks of the Lake D i s t r i c t are folded int o a broad 
a n t i c l i n e which r e s u l t s i n the Borrowdale Volcanics being exposed i n 
two main outcrops, one north and the other south of a c e n t r a l core of 
older Skiddaw S l a t e s . The northern outcrop c o n s i s t s almost e n t i r e l y 
of b a s a l t s , b a s a l t i c andesites and occasional r h y o l i t e s , with very 
few intermediate members. I n contrast, the southern outcrop i s 
composed l a r g e l y of andesites and d a c i t e s . Garnet phenocrysts, absent 
i n the northern outcrop, are r e l a t i v e l y abundant i n the volcanic rocks 
of the southern outcrop. 
Analyses of 229 samples of l a v a s , ignimbrites and associated 
i n t r u s i v e s are presented together with e l e c t r o n microprobe analyses of 
s e l e c t e d garnet and augite phenocrysts. The southern outcrop v o l c a n i c s 
are of c a l c - a l k a l i n e a f f i n i t i e s , whereas those of the northern outcrop 
are t r a n s i t i o n a l i n character between t h o l e i i t i c and c a l c - a l k a l i n e . The 
use of La/Y r a t i o s i s shown to be p a r t i c u l a r l y e f f e c t i v e i n d i s t i n g u i s h i n g 
between members of the two s u i t e s . 
Detailed a n a l y t i c a l studies on the garnet phenocrysts, e s p e c i a l l y 
La and Y abundances, show that c r y s t a l f r a c t i o n a t i o n of garnet phenocrysts 
i s incompatible with the geochemistry of t h e i r host rocks. I t i s 
concluded that the southern outcrop magmas evolved by some process other 
than c r y s t a l f r a c t i o n a t i o n . A p a r t i a l - m e l t i n g hypothesis i s proposed as 
an a l t e r n a t i v e , the melt being stored at depth (pos s i b l y a t the c r u s t / 
mantle i n t e r f a c e ) long enough f o r garnet to nucleate, and then t r a n s -
ferred r a p i d l y to the surface. I n contrast, the northern outcrop lav a s 
are highly p o r p h y r i t i c and present abundant evidence of c r y s t a l f r a c t i o n -
a t i o n . I t i s suggested that these rocks evolved by the f r a c t i o n a t i o n of 
a b a s a l t or b a s a l t i c andesite parent under r e l a t i v e l y dry conditions a t 
shallow depth. 
( i i ) 
The Borrowdale Volcanics are compared with the vol c a n i c rocks of 
modern i s l a n d a r c s . I n p a r t i c u l a r the southward t r a n s i t i o n of magma 
type from t h o l e i i t i c to c a l c - a l k a l i n e compares with s i m i l a r t r a n s i t i o n s 
occurring across modern i s l a n d a r c s . I t i s concluded that the Borrow-
dale Volcanics were erupted i n an ancient i s l a n d arc a t the margin of 
a contracting, proto-Atlantic ocean. T h i s hypothesis i s c o n s i s t e n t 
with current models for the evolution of the Caledonian/Appalachian 
orogen. 
The Borrowdale magmas were probably derived by the p a r t i a l melting 
of b a s a l t i c oceanic c r u s t c a r r i e d down into the mantle on descending 
lithosphere p l a t e s . I n the case of the southern outcrop rocks the 
magma- was not aff e c t e d by subsequent raystal f r a c t i o n a t i o n , whereas 
the northern outcrop magma has undergone considerable modification 
by t h i s process. 
F i n a l l y ^ the p a r t i a l melting of oceanic c r u s t i s examined i n the 
l i g h t of recent experimental s t u d i e s . I t i s suggested that i s l a n d arc 
t h o l e i i t i c magmas are generated a t shallow depth by r e a c t i o n s i n v o l v i n g 
amphibole breakdown. C a l c - a l k a l i n e magmas are produced a t greater 
depths by the p a r t i a l melting of wet e c l o g i t e , and between these two 
extremes a continuum of t r a n s i t i o n a l magma types could be generated. 
( i i i ) 
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CHAPTER I 
INTRODUCTION 
( i ) Scope and aims 
I n recent years one of the major topics of i n t e r e s t i n the E a r t h 
Sciences has been the genesis of c a l c - a l k a l i n e magmas. An important 
r e s u l t of t h i s work was the demonstration by Chayes (1969a) that 
r e c e n t l y erupted c a l c - a l k a l i n e rocks are confined e n t i r e l y to the 
i s l a n d a r c / c o n t i n e n t a l margin environment. 
The devlopment of the plate t e c t o n i c s concept, from the se a - f l o o r 
spreading hypothesis of Hess ( I962) , focussed a t t e n t i o n on t h i s 
environment as the s i t e of descending lithosphere p l a t e s ( I s a c k s e t _ a l . , 
1968). The r e s u l t i n g i m p l i c a t i o n of a genetic connection between the 
descent of these p l a t e s and the generation of c a l c - a l k a l i n e magmas has 
now received strong support from a wide v a r i e t y of sources. 
A n a t u r a l extension of the work on recent c a l c - a l k a l i n e rocks i s 
a study of ancient members of the s u i t e . I f present day c a l c - a l k a l i n e 
volcanoes are r e s t r i c t e d i n occurrence to the world's t e c t o n i c a l l y 
a c t i v e zones of lithosphere d e s t r u c t i o n then i t i s reasonable to suppose 
that the same may have held true i n the past. Consequently the l o c a t i o n 
of ancient c a l c - a l k a l i n e volcanic rocks may have important i m p l i c a t i o n s 
i n the f i e l d s of palaeogeography and continental d r i f t . 
Pig. 1 
Location of p r i n c i p a l outcrops of B r i t i s h Ordovician v o l c a n i c rocks. 
1. B a l l a n t r a e 2 . northern and 3 . southern outcrops 
of Borrowdale Volcanics 4. Capel Curig 5. Snowdonia 
6. Lleyn Peninsula 7. Arenig Mountains 8. Rhobell Pawr 
9. Cader I d r i s 10. Shelve area 11. B u i l t h Wells 12. north 
Pembrokshire 13. Skomer I s l a n d . 
Outcrop of Borrowdale Volcanics shown s t i p p l e d . The Church S t r e t t o n 
- Pontesford f a u l t system forms the south-eastern margin of the Welsh 
Basin. 
Prom F i t t o n *r\d Hughes (1970) . 
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One such volcanic p i l e i s represented by the Ordovician Borrowdale 
Volcanic Group of the E n g l i s h Lake D i s t r i c t ( P i g . 1 ) . T h i s comprises 
a s l i g h t l y deformed and well-exposed group of lavas and t u f f s with a 
maximum measured thickness of 5 kilometres. The reasons f o r undertaking 
a d e t a i l e d study of these volcanic rocks were t h r e e f o l d . F i r s t , the 
geochemistry and mineralogy of the rocks could provide information 
r e l e v a n t to the genesis of c a l c - a l k a l i n e rocks i n general. Second, the 
Borrowdale Volcanics are unusual i n that they contain almandine-pyrope 
garnet as an abundant primary phenocryst phase ( O l i v e r , 1956). I n view 
of the r a r i t y of garnets i n igneous rocks and t h e i r possible relevance 
to the problem of the genesis of c a l c - a l k a l i n e magmas (Green and Ring-
wood, 1968a) a s p e c i a l study of these garnets was viewed as a worth-
while p r o j e c t . T h i r d l y , a petrochemical study of the Borrowdale 
Volcanics could provide valuable information about Ordovician palaeogeo-
graphy. 
( i i ) Previous work 
The Lake D i s t r i c t has a h i s t o r y of geological research s t r e t c h i n g 
back w e l l over a century although the s t r u c t u r e and stra t i g r a p h y of the 
area are not yet f u l l y understood. The more recent p u b l i c a t i o n s on the 
4 
area have been reviewed by Mitchell (1956a) whose paper also includes 
an extensive bibliography. Consequently, only work d i r e c t l y relevant 
to the present study w i l l be mentioned here. 
Surprisingly l i t t l e geochemical or petrological work has been 
published on the Borrowdale Volcanics. The f i r s t attempt at elucidating 
the petrochemical evolution of the volcanic rocks was that of Oliver 
(1961) who demonstrated the calc-alkaline nature of the lavas i n the 
Scafell area. This was l a t e r supported by Strens (I962) i n the Borrow-
dale - Honister region. Detailed petrographic descriptions of rocks 
from a sequence of Borrowdale Volcanics i n the northern part of the Lake 
D i s t r i c t have been given by K. C. Dunham and J. Phemister ( i n Eastwood 
et a l . . 1968). 
Garnets have long been recognised i n the igneous rocks of the Lake 
D i s t r i c t although opinion on t h e i r o r i g i n has varied considerably. The 
most recent work on the garnets (Oliver, 1956) suggested that they 
crystallised d i r e c t l y from the magmas. 
A prominent feature of the Borrowdale Volcanics i s the abundance 
of acidic volcanic rocks which were sometimes described as t u f f s and 
at other times as rhy o l i t e flows. The recognition by Oliver (1954) 
that many of these rocks are ignimbrites represents an important 
contribution to the geology of the Lake D i s t r i c t . 
5 
( i i i ) Lake D i s t r i c t geology 
a. Tectonic setting 
Structurally, the Lake D i s t r i c t occupies a position i n the 
non-metamorphic zone of the B r i t i s h Caledonides between the I r i s h 
Sea geanticline and the Moffat geosyncline (George, 1963)- The area 
i s thus within the Appalachian/Caledonian orogen i n a position adjacent 
to the Precambrian south-east foreland. 
The sedimentary rocks of the area have suffered severe polyphase 
deformation although the more competent volcanic rocks are r e l a t i v e l y 
undeformed. Many of the lavas are very fresh considering t h e i r age 
although, i n others, the development of secondary a l b i t e , epidote and 
chl o r i t e suggest lower greenschist-facies metamorphism. 
b. Stratigraphic succession 
The oldest exposed rocks i n the area are the Skiddaw Slates which 
comprise a group of highly deformed shales, sandstones and g r i t s . These 
are overlain by the Borrowdale Volcanic Group. The nature of the junction 
i s the subject of a controversy at present although i t i s now generally 
agreed that the Skiddaw Slates were folded, or at least u p l i f t e d , and 
eroded before the eruption of the Borrowdale Volcanics. The youngest 
6 
beds i n the Skiddaw Slates yi e l d an Upper Llanvimian, Didymograptus 
murchisoni fauna (Wadge et a l . , 1969) which places an upper l i m i t 
on the age of the volcanic rocks. 
Coarse conglomerates occur towards the base o f the volcanic group 
i n the Keswick, Ullswater and Bampton areas (A. J. Wadge, i n preparation). 
These are be a u t i f u l l y exposed i n the new Manchester Corporation Waterworks 
tunnel between Heltondale and Ullswater where they contain rounded and 
weathered blocks of volcanic material and microgranite. The succession 
i n the Borrowdale Volcanics w i l l be discussed i n l a t e r chapters but i s 
summarised i n diagrammatic sections (Fig. 3 ) . 
The Borrowdale Volcanics are overlain unconformably by limestones 
and shales of Caradocian (Longvillian) age (Dean, 1963) and so the top 
of the volcanic succession i s not seen. Consequently the age of the 
volcanics cannot be determined more precisely than as post-Didymograptus 
murchisoni Zone and pre-Longvillian. 
The d i s t r i b u t i o n of the various stratigraphic units i n the Lake 
D i s t r i c t i s shown i n the geological map (Pig.2) . 
Pig. 2 
Geological sketch-map of the Lake D i s t r i c t . Prom Mitchell (1956a). 
7 
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c. Intrusions 
In addition to the considerable igneous a c t i v i t y represented 
by the volcanic rocks the Lake D i s t r i c t contains a large number of 
intrusions. Most prominent among these are the granites which 
probably also underlie a large part of the area (M. H. P. Bott, 
personal communication, 1970). Radiometric dating by Brown et a l . 
(1964) gives a Devonian age for the exposed granite bodies. 
None of the smaller intrusions has been r e l i a b l y dated and 
some of these have been suggested as feeders for the volcanic rocks. 
These w i l l be discussed individually l a t e r . The smaller intrusions 
range i n composition from olivine-bearing mafic rocks to granophyres. 
d. Distribution of volcanic outcrops 
The main structural feature of the Lake D i s t r i c t i s a broad 
anticline with i t s axis running south-west to north-east through 
Skiddaw and plunging to the north-east. I t i s t h i s a n t i c l i n e which 
accounts for the Skiddaw Slates now being exposed by erosion. Planking 
the Skiddaw Slates to the north and south-east are the two main outcrops 
of the Borrowdale Volcanics (Fig. 2 ) . Henceforth these w i l l be referred 
to as the northern and southern outcrops respectively. 
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The southern outcrop, which i s by f a r the larger of the two, 
i s responsible f o r the rugged scenery of the central Lake D i s t r i c t 
mountains. The main rock types are t u f f s , andesite lavas and dac i t i c 
ignimbrites. Basalts and rhyolites are comparatively rare. 
The main part of the northern outcrop stretches i n a narrow bel t 
from the v i l l a g e of Bothel i n the west to the River Caldew i n the east. 
Also included i n the northern outcrop are the small i n l i e r s of Greystoke 
Park and Eycott H i l l . I n marked contrast to the southern outcrop the 
rocks are predominantly basalts and basaltic andesites. Acid and i n t e r -
mediate types are very rare and t u f f s are confined largely to the base of 
the succession* Peculiar to the northern outcrop are the big-feldspar 
basalts (Eycott type lavas) which are well developed over much of the 
area. The difference i n character between rocks of the two outcrops i s 
apparent even i n hand specimens, with the porphyritic, dark-coloured 
basaltic andesites of the north contrasting strongly with the pale, 
sparsely porphyritic andesites of the south. 
East of the Vale of Eden, i n the Cross Pell area, an elongate body 
of Lower Palaeozoic rocks i s exposed along the Pennine fault-escarpment. 
These rocks form the Cross Fell i n l i e r and include volcanic rocks 
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belonging to the Borrowdale Volcanic Group. The volcanic rocks are 
mainly t u f f s , andesites and ignimbrites and can be equated with the 
volcanics of the Lake D i s t r i c t southern outcrop. At the extreme 
northern t i p of the i n l i e r ^ however, a single small outcrop of 
big-feldspar basalt i s exposed near the village of Melmerby. This 
rock i s id e n t i c a l with the Eycott type basalts of the northern 
Lake D i s t r i c t and w i l l be considered as a genetic associate of the 
northern outcrop. 
Further east, i n Teesdale, a small outcrop of Skiddaw Slates 
occurs as an i n l i e r i n the Carboniferous limestone. The d r i f t around 
t h i s l o c a l i t y contains boulders of volcanic material which may be of 
Borrowdale age. Since these volcanic rocks have not been found i n 
place, however, they were not considered i n the present study. 
The d i s s i m i l a r i t y of rock types i n the northern and southern 
outcrops has prevented correlation of volcanic units across the Skiddaw 
an t i c l i n e . Correlations within each outcrop have, however, been 
proposed and are summarised i n Fig. J>. The correlations are essentially 
those proposed by Mitchell (1956a) although they have been modified 
s l i g h t l y by the w r i t e r to allow the inclusion of recent work around 
Ullswater, Haweswater and Borrowdale. 
Pig. 3 
Simplified sections of the Borrowdale Volcanic Group. 
Sources of information:-
1 and 2 Eastwood et a l . , (1968) 
3 Strens (1962) 
4 Oliver (1961) 
5 Mitchell (1940, 1956b, 1963) 
6 Hartley (1932) 
7 Hartley (1925) 
8 Hartley (1942) 
9 Hadfield and Whiteside (1936) 
10 Moseley (1960, 1964) 
11 Nutt (1970) 
12 Mitchell (1929, 1934) 
Modified a f t e r Mitchell (1956a) 
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I n view of the d i s s i m i l a r i t y of the two outcrops i t i s convenient 
to describe them separately i n the following chapters, 
( i v ) Collection, preparation and analysis of samples 
Collecting the samples presented certain problems. The age and 
deformation of the rocks has resulted i n t h e i r being invariably altered 
to some degree and i n many parts of the area the intrusion of granites 
has added to t h i s a l t e r a t i o n . Sampling i s further complicated by the 
variable quality of available geological maps. However, most of the 
area i s well exposed and, by avoiding the v i c i n i t y of granites and belts 
of obvious deformation, i t was possible to assemble a representative 
collection of 3^8 samples. Analyses of 229 of these rocks are presented 
here. The remainder included 6 l samples of agglomerate, t u f f and 
conglomerate, 32 of granite and lamprophyre, and 12 samples which were 
rejected on account of excessive a l t e r a t i o n . Most of the t u f f s were 
analysed but the analyses were not used. The granites and lamprophyres 
were collected as part of a geochemical study of Caledonian granites which 
i s not yet complete. Theareal d i s t r i b u t i o n of these samples i n shown on 
Fig. 4. Representative samples are included from most of the volcanic 
units i n the area (Fig . 3 ) « 
Pig. 4 
Location of samples:- extrusive (x) and intrusive (+) rocks. 
Granites:-
Esk: Eskdale En: Ennerdale S: Skiddaw SJ: St. John's 
T: Threlkeld Sh: Shap 
Other intrusions:-
CF: Carrock F e l l GC: Great Cockup ' p i c r i t e ' E: Embleton 
microdiorite CH: Castle Head dolerite H: Haweswater complex 
G: Greenscoe vent 
Dotted boundaries enclose the Borrowdale Volcanic Group. 
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Prior to analysis the rocks were ground to a fine powder using 
a jaw-crusher and a disc m i l l . Extensive tests were carried out to 
assess the effects of m i l l i n g on the ferrous oxide content of the 
samples. The results showed considerable oxidation i n samples ground 
for more than 30 seconds (Fitton and G i l l 1970). Accordingly, sample 
rock chips were ground f o r 30 seconds, a small sample removed for the 
FeO determination and the remainder ground for a further 2*r minutes. 
Oxidation ratios determined on a number of the "unoxidised" samples 
(less than 30 seconds grinding) showed wide variation, presumably due 
to the altered and oxidised nature of the o r i g i n a l rocks. Consequently 
for the purpose of norm calculations a constant ferric:ferrous r a t i o 
(by weight) of 0.808 (Chayes, 1969b) was used. For a l l other purposes 
t o t a l iron (usually expressed as Fe^O^) was employed. 
Analyses were performed on pressed powder briquettes using a 
Philips PW 1212 X-ray fluorescence spectrometer. For major elements 
the U.S.G.S. international standards W-l, 0-1, G-2, BCR-1, AGV-1 and 
GSP-1, and the C.A.A.S. standard S-l were used f o r calibration. Mass 
absorption corrections were applied using the method of Reeves (1971)• 
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Ba, Nb, Zr, Y, Sr, Rb, Zn, Cu, Ni, and Cr were determined using 
a series of Pilkington synthetic glass standards (Brown e t _ a l . , 1970) 
for c alibration. U.S.G.S. standards were used fo r V and La. Mass 
absorption corrections were found to be unnecessary f o r La but were 
applied to V and Cr using the coefficients of Heinrich (1966). For 
a l l other trace elements approximate correction f o r absorption 
difference was made using scattered white radiation as internal 
standard (Andermann and Kemp, 1958)• Corrections were also applied 
for Kp interference on Nb, Zr, Y, Cr and V. I n the case of vanadium 
an i t e r a t i v e procedure developed by D. J. Hughes, G. C. Brown and 
J. Esson (paper i n preparation) was used to correct for the i n t e r -
ference of T i Kfi. 
Garnets and pyroxenes were analysed using a Cambridge "Geoscan" 
electron probe microanalyser. The analytical technique and method of 
data processing employed were those described by Sweatman and Long 
(I969). For trace element determinations on garnets, the mineral was 
separated using a combination of magnetic and heavy l i q u i d techniques. 
Analyses were performed by the same methods used for trace element 
determinations on rocks except that a r t i f i c i a l l y prepared standards of 
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garnet composition were used for La, Y and Sc. These standards were 
prepared by mixing "Specpure" oxides (Johnson, Matthey & Co.) to produce 
a "garnet" matrix which was then spiked with "Specpure" La, Y and Sc 
oxides. Corrections were applied for the interference effects of 
Ca on Sc K^ . 
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CHAPTER 2 
SOUTHERN OUTCROP 
( i ) Classification of rock types 
The southern outcrop comprises a suite of rocks ranging i n compo-
s i t i o n from basalt to r h y o l i t e . Between these extremes i s a continuum 
of rock types which renders any c l a s s i f i c a t i o n more or less ar b i t r a r y . 
Most conventional classifications of volcanic rocks are based on normative 
or modal feldspar composition or i n some way involve the a l k a l i metals. 
These cannot be applied to the Borrowdale Volcanics as the feldspars are 
usually altered and the p o s s i b i l i t y of a l k a l i migration cannot be ruled 
out. Of a l l the other p o s s i b i l i t i e s the s i l i c a content of the rocks 
suffers from the fewest objections and w i l l be used here as a basis for 
c l a s s i f i c a t i o n . The divisions i n t h i s c l a s s i f i c a t i o n have been chosen 
to coincide closely with changes i n the phenocryst phases whilst being 
consistent with modern usage. The cl a s s i f i c a t i o n i s as follows:-
wt. % Si0 2 
Basalt < 53 
Basaltic andesite 53 - 58 
Andesite 58 - 64 
Dacite 64 - 70 
Rhyolite > 7 0 
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( i i ) D i stribution of rock types 
The stratigraphic d i s t r i b u t i o n of the main rock types i n the area 
i s shown diagrammatically i n Pig. 3 . For the purposes of th i s diagram, 
basaltic andesites with s i l i c a contents less than 5 5 ^ have been included 
with the basalts, the remainder being assigned to the andesites. 
Correlation of volcanic units i s complicated by frequent and rapid l a t e r a l 
variations i n rock type but despite t h i s i t i s possible to make a few 
generalisations about the succession. 
The lowest unit s , where they are exposed, comprise basalts, basaltic 
andesites and andesites. These are pa r t i c u l a r l y well exposed around 
Ullswater where they form the Ullswater Group although they may be seen 
along most of the northern margin of the southern outcrop. Throughout 
much of the southern outcrop these lavas are overlain by a thick and 
persistent group of ignimbrites which are well developed around Scafell 
(Airy's Bridge Group) and i n Langdale (Langdale 'Rhyolite'). Together, 
the lower lavas and the ignimbrites may be regarded as a volcanic cycle-
After the cessation of ignimbrite a c t i v i t y the widespread eruption of the 
Wrengill Asaiesites and th e i r l a t e r a l equivalents marks the beginning of a 
second, smaller cycle. This cycle culminated i n the eruption of a 
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sequence of ignimbrites now exposed along the southern margin of the 
outcrop. These include the Upper 'Rhyolites' of Kentmere and the Hugh's 
Laithes Pike Ignimbrite Group to the south-east of Haweswater-
Pyroclastic rocks are well developed i n the southern outcrop and 
show the same range i n composition as the lavas ( i . e . basaltic to 
r h y o l i t i c ) . They occur sporadically throughout the succession. 
The lavas and ignimbrites form a chemically coherent suite with no 
significant compositional gaps. Though the rock type i s repeated 
c y c l i c a l l y upwards through the succession ( i . e . with time) the essential 
character of the magma suite remained unchanged since rocks of the f i r s t 
cycle are similar i n composition to t h e i r counterparts i n the second 
cycle. The suggestion by Hadfield and Whiteside ( 1 9 3 6 ) that the basalt 
and andesite lavas were progressively enriched i n titanium and phosphorus 
during the volcanic episode was not supported by the present work, 
( i i i ) Petrography 
a. Basalts 
The basalts of the southern outcrop are t y p i c a l l y dark green, aphyric 
to sparsely porphyritic rocks. Augite i s the predominant phenocryst phase 
(Plate 1 ) and crystals of the mineral often occur i n clusters up to 4mm i n 
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diameter. Orthopyroxene i s a subordinate phenocryst phase and i s always 
completely altered to c h l o r i t e . I t i s recognised by i t s crystal shape, 
prismatic crystals with square cross-sections. Olivine occurs very 
rarely i n the more basic basalts as characteristic pseudomorphs composed 
of a fine-grained aggregate of c a l c i t e , c h l o r i t e and serpentine with 
haematite developed along cracks (Plate 2). These are quite d i s t i n c t i n 
shape and composition from the ch l o r i t e pseudomorphs aft e r orthopyroxene. 
The relationship between olivine and orthopyroxene i s obscured by a l t e r a t i o n . 
Plagioclase phenocrysts are t y p i c a l l y absent although they are found i n 
some specimens of basalt. 
The groundmass i s composed of a fine-grained intergrowth of plagio-
clase, augite, ch l o r i t e and magnetite. The magnetite occurs as fine 
octahedral granules and rarely as larger crystals which may be regarded 
as microphenocrysts. 
The value of 53$ SiO^ taken as the upper l i m i t for the basalts i s 
that used by Taylor et a l . ( 1 9 6 9 a ) . I n the basalts considered here i t 
corresponds approximately with the appearance of plagioclase as a 
prominent phenocryst (liquidus) phase. 
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b. Basaltic andesites 
With increasing s i l i c a content the proportion of augite phenocrysts 
decreases while orthopyroxene (altered to c h l o r i t e ) increases although 
there i s no obvious reaction relationship between the two pyroxenes. 
Plagioclase feldspar becomes the dominant phenocryst phase- The f i n a l 
disappearance of phenocryst augite occurs at about 58$ SiO^ and this i s 
used to define the upper l i m i t of the basaltic andesites. Consequently 
a l l rocks with s i l i c a contents between 53 and 5 8 $ are classified here as 
basaltic andesites although not a l l contain the characteristic phenocryst 
phase assemblage: plagioclase-orthopyroxene-clinopyroxene. At the lower 
end of the range the augite occurs as large clusters of crystals (Plate 3 ) 
as i n the basalts but at the upper end i t i s seen only rarely as small 
isolated crystals (Plate 4) or as t i n y clusters (Plate 5 ) ' Micropheno-
crysts of magnetite are abundant throughout the range. 
As i n the basalts the groundmass i s a fine-grained intergrowth of 
plagioclase, augite, chlorite and magnetite although i n the more s i l i c a -
r i c h members the groundmass becomes very fine-grained and even glassy. 
The glass i s completely d e v i t r i f i e d but the presence of p e r l i t i c cracks 
i n the groundmasses of some of the rocks suggests an o r i g i n a l l y glassy 
nature -
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c. Andesite 
The disappearance of phenocryst augite i s followed closely by the 
appearance of garnet phenocrysts. The andesites are thus characterised 
by the unusual phenocryst assemblage: plagioclase-orthopyroxene-garnet. 
Again, magnetite i s abundant as microphenocrysts. 
The groundmass i s always fine-grained or glassy. P e r l i t i c cracks 
are commonly seen i n the andesites (Plate 6) although i n some the 
groundmass i s composed of a felted mass of very small plagioclase laths 
and minute grains of magnetite. A photomicrograph of a ty p i c a l andesite 
i s presented i n Plate 7* 
The upper l i m i t f o r the s i l i c a content of andesites (set here at 
64$) corresponds very closely with a drastic change i n rock type. 
Nearly a l l the rocks analysed which have s i l i c a contents greater than 
t h i s have textures typi c a l of ignimbrites. I t i s therefore convenient to 
place the d i v i s i o n between andesites and dacites at 64$ SiO^. 
d. Dacites 
Distinguishing between dacite lavas and i g n i m b r i t e R i s complicated 
by the complete d e v i t r i f i c a t i o n of the glassy component of the rocks. 
However, the presence of broken crystals, pumice fragments and 
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d e v i t r i f l e d glass shards, together with the marked eutaxitic texture 
of most of the acid rocks studied, suggests that these are ignimbrites 
(Plate 8 ) . The wide areal extent of some of the dacitic units supports 
t h i s conclusion. 
Garnet and plagioclase are the major phenocryst phases with 
occasional microphenocrysts of magnetite. The groundmass i s composed 
of a very fine-grained intergrowth of quartz, a l b i t e and potash f e l d -
spar (Oliver, 1 9 6 1 ) which probably represents d e v i t r i f i e d glass. Small 
euhedral, prismatic crystals of zircon and apatite are present as 
accessories. 
The d i v i s i o n between dacites and rhyolites i s placed, rather 
a r b i t r a r i l y , at 70% Si0 2- At th i s level of s i l i c a content the CaO i n 
the rocks i s usually too low for si g n i f i c a n t quantities of anorthite to 
appear i n the norm. Rhyolite i s thus a more appropriate term for these 
rocks. Petrographically the rhyolites do not d i f f e r s i g n i f i c a n t l y from 
the dacites except that garnet i s less abundant i n the former. Conse-
quently they w i l l not be discussed further here. 
c. Inclusions and xenoliths 
Cognate xenoliths representing crystal cumulates are of common 
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occurrence i n calc-alkaline rocks and may be lo c a l l y abundant, as i n the 
West Indies (Wager, 1962; R. J. Arculus, personal communication, 1971). 
I t i s noteworthy, therefore, that such xenoliths were not found i n the 
present study. Fragments of pre-existing volcanic material, however, 
are common i n some of the lava flows. 
In the lower units of the succession quartz xenocrysts and small 
fragments of sandstone (Plate 9 ) and slate are sometimes found i n the 
lavas. These are presumably derived from the underlying Skiddaw Group, 
( i v ) Mineralogy 
Only the garnet and clinopyr.oxene phenocrysts were fresh enough for 
analysis by electron microprobe. The other phenocryst and groundmass 
phases were a l l altered to some extent so that analyses of these would 
be of questionable value. Garnet w i l l be dealt with i n d e t a i l i n Chapter 
4 and so w i l l not be discussed here. 
a. Pyroxenes 
Clinopyroxene phenocrysts i n three samples were analysed. The rocks 
were a basalt (LD 148) and two basaltic andesites; one from the basic end 
of the group (ID 221) and one from the s i l i c a - r i c h end (LD 3 0 9 ) . These 
c 11 no pyroxenes are magnesium-rich augites with mean compositions of Ca^ 
Fe^ Mg^, Ca^y Fe^ Mg^ and Ca^2 F e ^ Mg^ respectively and are plotted 
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i n Fig. 9 (Chapter 3 ) . Complete analyses are l i s t e d i n the Appendix. 
The lack of systematic variation i n composition i s noteworthy. Only 
PX-221 shows any sign of optical zoning and th i s pyroxene i s the only one 
to show si g n i f i c a n t , though very s l i g h t , compositional zoning. This 
zoning i s i n the 'normal' sense ( i . e . with enrichment of iron towards the 
margin). 
Phenocryst augite i s confined to the more basic rocks of the area. 
Orthopyroxene phenocrysts, on the other hand, are rare i n these rocks 
but become abundant i n the andesites. The presence of chl o r i t e 
pseudomorphs i n some of the ignimbrites may indicate that orthopyroxene 
phenocrysts were o r i g i n a l l y present i n the dacite magma. Unlike many 
calc-alkaline areas (e.g. the West Indies) primary amphibole i s completely 
absent from the volcanic rocks of the Lake D i s t r i c t . The significance 
of t h i s w i l l be discussed l a t e r . 
In t h i s and succeeding chapters analysed minerals w i l l be referred to by 
the number of the host rock preceded by a suitable p r e f i x , v i z . PX = 
Augite, G = Garnet. 
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b. Feldspars 
Approximate compositions of plagioclase feldspars were determined 
o p t i c a l l y on some of the less-altered phenocrysts using the Michel-Levy 
method. The results show a variation i n composition from about An^ ,-
i n the basaltic andesites to almost pure a l b i t e i n some of the dacites. 
Zoning i s poorly developed with individual crystals showing only a 
narrow range of composition; the rims being s l i g h t l y more sodid tha*i the 
cores (Oliver, I96I). Plagioclase i s the dominant phenocryst phase i n 
a l l the rocks except the basalts. 
Orthoclase i s seen only i n the d e v i t r i f i e d glass groundmasses of 
the andesites, dacites and rhyolites where i t s presence was demonstrated 
by Oliver (I96I) using sodium c o b a l t i n i t r i t e staining techniques. 
c. Iron - titanium oxides 
Titanomagnetite occurs both as a groundmass phase and as micropheno-
crysts i n the basalts, basaltic andesites and andesites of the southern 
outcrop. Ilmenite, however, was not seen as discrete grains i n any of 
the rocks studied although i t occurs occasionally as exsolution lamellae 
i n the magnetite. The absence of ilmenite has been noted by Lowder (1970) 
as a widespread feature of calc-alkaline rocks. I n the dacites and 
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rhyolites the iron oxide minerals are usually completely altered to 
limonite and leucoxene. 
(v) Petrochemistry 
The chemical variation, with s i l i c a content, of the rocks of the 
southern outcrop i s shown i n Pigs. 5 and 6. Since the s i l i c a percentage 
of the rocks has been used as a basis for c l a s s i f i c a t i o n i t i s convenient 
to use t h i s parameter as an index of fractionation. Average analyses of 
the various rock types are given i n Table 1 and individual analyses are 
li s t e d i n the Appendix. 
The continuity of plotted points i n the variation diagrams suggests 
that the rocks are genetically linked by some process of chemical 
fractionation. Opinion on the nature of t h i s fractionation process i n 
calc-alkaline rocks i n general i s divided. Hypotheses involving the 
contamination of basaltic magma, the mixing of magmas or p a r t i a l melting 
of s i a l i c crustal rocks have now been largely discredited. The only 
viable alternatives are crystal fractionation of a basaltic parent (e.g. 
Osbom, 1 9 5 9 ) and p a r t i a l melting of basaltic material at depth (e.g. 
Green and Ringwood, 1 9 6 8 b ). The geochemistry of the southern outcrop 
rocks w i l l be discussed i n the l i g h t of these two hypotheses. 
Fig. 5 
Major-element variation i n rocks of the southern outcrop. 
O Lavas 
# Ignimbrites 
A Intrusive rocks from Haweswater Complex 
• Castle Head dolerite 
V Minor intrusions associated with volcanics 
The broken lines on the plot of Na20 + K^ O against SiCv, enclose 
the f i e l d of Japanese calc-alkaline rocks as defined by Kuno ( 1 9 6 6 ) . 
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Trace-element variation i n rocks of the southern outcrop. 
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Table 1 - Average analyses of southern outcrop rocks 
Basalts Basaltic 
andesite 
No. of 8 
analyses 
Percent 
Si0 2 51.04 5 5 . 7 4 
AlgO^ 1 6 . 2 6 1 7 . 8 1 
Fe 2 0^ 1 1 . 1 1 8.84 
MgO 7 . 7 3 4 . 6 3 
CaO 8 . 6 8 6 . 5 3 
Na 20 1 . 8 8 2 . 3 2 
K 2 0 1 . 3 3 2.42 
T i 0 2 1 . 2 9 1 . 0 9 
MnO 0.24 0.24 
S 0 . 2 0 0 . 1 6 
P o 0 c fO.21 0 . 1 9 c. 5 
p.p.m. 
Ba 349 586 
Nb 1 1 12 
Zr 141 179 
Y 27 34 
Sr 346 310 
Rb 49 97 
Zn 104 1 0 1 
Cu 48 26 
Ni 145 38 
Cr 410 123 
V 2 3 1 1 7 1 
La 19 22 
* 
CIPW Norms 
Quartz 5 - 4 1 1 . 0 
Corundum 
Orthocl&se 7 - 9 I 2* - 4 
Albite 1 6 . 0 1 9 . 7 
Anorthite 3 2 . 2 3 1 . 2 
Diopside 7 . 8 0 . 1 
Hypersthene 2 0 . 5 1 5 - 3 
Magnetite 6 . 8 5 - ^ 
Ilmenite 2 . 5 2 . 1 
Apatite 0 . 5 0 . 5 
Pyrite 0 . 4 0 . 3 
D.I. ** 2 9 . 4 4 5 . 1 
Andesite Dacite Rhyolite 
46 32 7 
5 9 . 9 8 6 7 . 3 8 7 2 . 2 1 
1 7 . 7 6 1 6 . 5 5 14 .72 
7 . 5 4 4 . 6 6 3 . 1 7 
2 . 8 3 O.69 0 . 7 5 
4 . 7 5 I . 9 6 O.58 
2 . 6 7 3 . 0 9 2 . 3 6 
2 . 9 7 4 . 7 1 5 . 5 5 
O.91 0.46 0 . 3 1 
0 . 2 0 0 . 1 5 O.06 
0 . 1 6 0 . 1 0 0 . 0 8 
0 . 1 9 0 . 2 3 0 . 2 1 
747 954 1096 
14 22 17 
227 357 282 
40 65 65 
270 142 85 
124 2 1 1 237 
9 3 69 4 3 
2 3 4 5 
2 2 2 2 
62 6 3 
119 13 8 
35 54 46 
17 .8 2 5 . 9 3 4 . 9 
2 . 0 3 . 4 4 . 3 
1 7 . 6 27 .9 3 2 . 9 
2 2 . 7 2 6 . 2 2 0 . 0 
2 2 . 4 8 . 2 1 . 5 
1 0 . 3 3 . 9 3 - 3 
4 . 6 2 . 9 1 . 9 
1 .7 0 . 9 0 . 6 
0 . 5 0 . 5 0 . 5 
0 . 3 0 . 2 0 . 2 
5 8 . 2 8 0 . 0 8 7 . 8 
* P e 2 ° 3 / P e ° t a k e n a s ( b v w e i S h t ) 
D.I. = Thornton-Tuttle Di f f e r e n t i a t i o n Index (Normative 
Qz + Ab + Or) 
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I n the Osborn (op. cit.) model b a s a l t i c magma f r a c t i o n a t e s under 
conditions of constant oxygen fugacity to p r e c i p i t a t e magnetite, o l i v i n e , 
pyroxene and po s s i b l y p l a g i o c l a s e . The products are andesite l i q u i d and 
gabbro or p e r i d o t i t e cumulates. E a r l y p r e c i p i t a t i o n of magnetite prevents 
the enrichment of i r o n shown by t h o l e i i t i c magmas and i s an e s s e n t i a l 
feature of the model. There are, however, many opponents to t h i s idea. 
Carmichael (I967) has objected on the grounds that the iron-titanium 
oxides of c e r t a i n a c i d c a l c - a l k a l i n e rocks i n d i c a t e that f i s not 
°2 
constant with f a l l i n g temperatures but decreases - thus reducing the 
e f f i c i e n c y of the model. Taylor e t a l . (1969b) suggested that the 
abundances of Cr, Co, Ni, Sc and V i n c a l c - a l k a l i n e rocks are incom-
p a t i b l e with Osborn's model although these objections have been refuted 
by Osborn (1969) and Hedge (1971). 
I n the b a s a l t s of the southern outcrop the suppression of pl a g i o c l a s e 
as a l i q u i d u s phase i s consi s t e n t with c r y s t a l l i s a t i o n under conditions 
of moderately high P u A (Yoder and T i l l e y , 1962, F i g . 28). The abundance 
of p y r o c l a s t i c rocks and ignimbrites support t h i s conclusion. T h i s high 
water pressure would be capable of maintaining the f a t a higher l e v e l 
U2 
( e x t e r n a l buffer) than would obtain i n a r e l a t i v e l y dry magma where the 
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f would be buffered by the c r y s t a l l i n e phases ( i n t e r n a l b u f f e r ) . The 
magnesian nature of the clinopyroxenes and t h e i r lack of iron-enrichment 
i n the more s i l i c a - r i c h rocks ( c f . Carmichael and N i c h o l l s , 1967) provide 
evidence fo r the operation of such an ext e r n a l b u f f e r . The magmas which 
produced the southern outcrop lavas were thus p o t e n t i a l l y capable of 
f r a c t i o n a t i n g i n the manner proposed by Osborn (1959)* 
The geochemistry of the lavas i s quite c o n s i s t e n t with t h i s model. 
Thus the exponential d e c l i n e i n Mg, Ni and Cr with i n c r e a s i n g s i l i c a 
can be explained by the p r e f e r e n t i a l incorporation of these elements i n 
early-formed magnesian o l i v i n e s and pyroxenes (Burns and Fyfe, 1964). 
The l i n e a r d e c l i n e i n Pe, T i and V i s s i m i l a r l y c o n s i s t e n t with t h e i r 
incorporation i n magnetite which i s seen to occur as phenocrysts through-
out the f r a c t i o n a t i o n sequence. P r e c i p i t a t i o n of pl a g i o c l a s e would, 
l i k e w i s e , deplete the magma i n Ca and Sr ( P h i l p o t t s and Schnetzler, 1970). 
Most of the other elements determined (K, Rb, Ba, Zr, Y, La and Nb) do not 
enter e a s i l y into the l a t t i c e s of the p r e c i p i t a t i n g phases and are there-
fore enriched i n the l a t e r f r a c t i o n a t e s . 
The v a r i a t i o n of i r o n r e l a t i v e to magnesium i s shown i n Pig. 7. The 
absence of absolute i r o n enrichment i s t y p i c a l of c a l c - a l k a l i n e rocks and 
F i g . 7 
P l o t of t o t a l i r o n (expressed as FegO^) a ® a i n s t f o r r o c k s o f 
the southern outcrop. 
Symbols as i n F i g . 5« 
3? 
o 
o 
o 
LCM 
o o o Q o <5> °0 Q o t o 
O 
<K1 
o CO 
OQ) 
0) 
h CD CD 
o 
d> 
eg O 00 CO o 
O) 
C\J 
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i s c o n s i s t e n t with e a r l y separation of ir o n oxide minerals and magnesium-
r i c h s i l i c a t e s from the magma. I t should be noted, however, that the 
Fe/Mg r a t i o i n c r e a s e s s t e a d i l y from the b a s a l t s to the r h y o l i t e s -
presumably i n d i c a t i n g that s i l i c a t e s , r a t h e r than oxides, are dominant 
i n c o n t r o l l i n g the f r a c t i o n a t i o n ( c f . Brown and Sc h a i r e r , 1968). 
Plots i n v o l v i n g the a l k a l i metals ( F i g s . 5 and 6) show a wide s c a t t e r 
of points, probably due to the mobility of these elements during a l t e r a t i o n 
of the rocks. D e s p i t e . t h i s , most of the points on the p l o t of Na^ 0 + K^O 
against SiO^ f a l l w i t h i n , or very cl o s e to, the f i e l d of Japanese c a l c -
a l k a l i n e rocks defined by Kuno (1966). 
The a p p l i c a t i o n of Osborn's (1959) model to the present study s u f f e r s 
a number of obj e c t i o n s . To obtain the large volumes of andesite and 
dac i t e observed i t would be necessary to f r a c t i o n a t e a v a s t quantity of 
b a s a l t . B a s a l t s are r a r e i n the southern outcrop and so there would 
seem to be a volume problem. The r e l a t i v e abundance of rock types 
appearing a t the surface, however, need not r e f l e c t abundances a t depth 
sin c e andesite and da c i t e magmas are more l i k e l y to reach the surface 
than are the denser b a s a l t s . 
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A more ser i o u s objection i s the s c a r c i t y of o l i v i n e i n the rocks. 
The production of large q u a n t i t i e s of s i l i c e o u s d i f f e r e n t i a t e s requires 
the f r a c t i o n a l c r y s t a l l i s a t i o n of s i l i c a - p o o r phases. Magnetite alone 
i s not s u f f i c i e n t since the separation of t h i s phase would remove a l l 
the i r o n from the magma before s i l i c a had been enriched very much. 
Other poss i b l e minerals are o l i v i n e , garnet and hornblende, although 
primary hornblende i s never seen i n the volcanic rocks. The p o s s i b i l i t y 
of garnet f r a c t i o n a t i o n w i l l be discussed i n Chapter 4. The rapid 
d e c l i n e i n n i c k e l content with i n c r e a s i n g s i l i c a suggests t h a t separa-
t i o n of o l i v i n e , with a high c r y s t a l / l i q u i d p a r t i t i o n c o e f f i c i e n t f o r 
n i c k e l (HSkli and Wright, 1967), i s a c o n t r o l l i n g f a c t o r i n the f r a c t i o n a -
t i o n process. None of the other pos s i b l e mineral phases has a p a r t i t i o n 
c o e f f i c i e n t large enough to allow the e f f i c i e n t removal of n i c k e l from 
the system. O l i v i n e , however, i s confined to the most b a s i c of the 
ba s a l t s and a l l but one of the rocks i s quartz-normative so that 
extensive o l i v i n e p r e c i p i t a t i o n seems u n l i k e l y . I t i s po s s i b l e , though 
that o l i v i n e was f r a c t i o n a t i n g a t depth. Work by Kushiro (I969) on the 
f o r s t e r i t e - d l o p s i d e - s i l i c a system has shown that with i n c r e a s i n g P.. n , 
H 20 the primary phase f i e l d of f o r s t e r i t e i s extended towards the s i l i c a apex. 
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Consequently, a t high pressures ( c . 20kb) a wet b a s a l t i c magma could 
f r a c t i o n a t e o l i v i n e to produce intermediate and aci d l i q u i d s . On t h e i r 
ascent to the surface the o l i v i n e - p h y r i c l i q u i d s would cease to be i n 
equilibrium with o l i v i n e and so t h e i r phenocrysts would be resorbed. A 
s i m i l a r argument could be applied to hornblende and garnet. The s u r v i v a l 
of garnet phenocrysts i n the andesites, however, c a s t s doubt on any 
models i n v o l v i n g resorption of the other two phases. 
I n the a l t e r n a t i v e model (Green and Ringwood, 196Hb), s o l i d o l i v i n e 
t h o l e i i t e i s taken down i n t o the mantle and p a r t i a l l y melted a t depths 
greater than 30 km. The plate t e c t o n i c s concept provides a mechanism 
f o r t h i s s i n c e lithosphere p l a t e s descending beneath c o n t i n e n t a l margins 
would n e c e s s a r i l y c a r r y b a s a l t i c oceanic c r u s t with them. Given s i m i l a r 
conditions of water pressure and t o t a l pressure, e i t h e r p a r t i a l melting 
or c r y s t a l f r a c t i o n a t i o n of the same b a s a l t composition could y i e l d 
e s s e n t i a l l y the same products. P a r t i a l melting would, of course, produce 
i t s d e r i v a t i v e l i q u i d s i n reverse order to c r y s t a l f r a c t i o n a t i o n . Thus 
a small degree of melting would y i e l d a c i d magmas w h i l s t i t would require 
extensive melting to produce b a s a l t i c magma. The demonstration by Green 
and Ringwood (op. c i t . ) that the andesite l i q u i d u s l i e s i n a low-temperature 
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trough a t 30 kb makes i t p o s s i b l e to derive l a r g e volumes of a n d e s i t i c 
and d a c i t i c magmas, accompanied by r e l a t i v e l y t r i v i a l amounts of b a s a l t i c 
and r h y o l i t i c magmas, by t h i s p a r t i a l melting process. The r e s u l t i n g 
d i s t r i b u t i o n of rock types would be s i m i l a r to that observed i n the Lake 
D i s t r i c t southern outcrop, so there i s no volume problem associated with 
t h i s model. Moreover, the model i s not jeopardised by the absence of 
o l i v i n e phenocrysts. E q u i l i b r a t i o n of wet, s i l i c a - s a t u r a t e d l i q u i d s with 
r e s i d u a l o l i v i n e c r y s t a l s (as required by the d i s t r i b u t i o n of n i c k e l i n 
the rocks) could take place a t depth a t the s i t e of p a r t i a l melting 
(Kushiro, 1969). At lower pressures the contraction of the primary phase 
f i e l d of f o r s t e r i t e (Kushiro, op. c i t . ) would favour the c r y s t a l l i s a t i o n of 
orthopyroxene, r a t h e r than o l i v i n e , as a phenocryst phase i n the ascending 
magma. 
On balance, the geochemistry of the rocks favours an o r i g i n by 
p a r t i a l melting r a t h e r than f r a c t i o n a l c r y s t a l l i s a t i o n although the 
l a t t e r p o s s i b i l i t y i s by no means eliminated. The absence of cognate 
x e n o l i t h s and the s c a r c i t y of accumulative p o r p h y r i t i c rocks i s c o n s i s -
tent with t h i s conclusion. Further evidence r e l e v a n t to the genesis of the 
rocks of the southern outcrop i s provided by the garnet phenocrysts. 
T h i s w i l l be discussed i n Chapter 4. 
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( v i ) I n t r u s i o n s 
The p o s s i b i l i t y that some of the igneous i n t r u s i o n s of the Lake 
D i s t r i c t represent the remains of the volcanoes from which the Borrow-
dale Volcanics were erupted was mentioned i n Chapter 1. Two such 
i n t r u s i o n s were sampled and analysed i n the present study. One of these, 
the C a s t l e Head d o l e r i t e (near Keswick), has long been suggested as a 
feeder pipe to the la v a s (Ward, 1876). The i n t r u s i o n has the form of a 
plug and i s intruded i n t o the Skiddaw S l a t e s . I t i s composed of a f i n e -
grained d o l e r i t e containing abundant augite phenocrysts. These are 
u s u a l l y present as c l u s t e r s of c r y s t a l s resembling the augite c l u s t e r s 
t y p i c a l of the southern outcrop b a s a l t s . Chemically, the rock (LD 283) 
i s very s i m i l a r to these b a s a l t s ( P i g s . 5 and 6 ) . 
The other i n t r u s i o n i s the Haweswater Complex described by Hancox 
(193*0 and r e c e n t l y , i n greater d e t a i l , by Nutt (1970). The l a t t e r author 
considered the i n t r u s i o n to be a feeder to the v o l c a n i c s on the b a s i s of 
s t r u c t u r a l evidence. I t i s e s s e n t i a l l y gabbroic with fine-grained 
d o l e r i t e occurring a t the margin. The gabbro i s t y p i c a l l y composed of 
pl a g i o c l a s e , c h l o r i t e pseudomorphs a f t e r orthopyroxene, large o o j h i t i c 
p l a t e s of augite and i r r e g u l a r grains of opaque oxides. 
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Analyses of representative samples taken from the i n t r u s i o n are 
plotted i n F i g s . 5 and 6. They f a l l w ithin the s c a t t e r of points f or 
the lavas f o r a l l the elements determined except that some of the gabbro 
samples have s l i g h t l y higher MgO/total F e 2 ° 3 r a t i o s . T h i s i s probably 
due to accumulation of pyroxene c r y s t a l s i n the gabbro. 
The geochemistry of these two i n t r u s i o n s i s quite compatible with 
t h e i r being feeder pipes to the lavas though such evidence cannot be 
conclusive. Both i n t r u s i o n s , however, have suffered s i m i l a r degrees of 
deformation, cleavage and a l t e r a t i o n to the e f f u s i v e rocks so that i t 
i s quite probable that they represent the core-remnants of two of the 
eroded ancient volcanoes. 
Within the volc a n i c p i l e are numerous small i n t r u s i o n s which are 
petrog r a p h i c a l l y very s i m i l a r to the associated l a v a s . Five such 
i n t r u s i o n s were sampled i n the present study. These comprised two small 
i n t r u s i o n s on the north-west side of Ullswater (LD 152 and LD 153) 
described by Moseley (1964); a 'porphyrite' (LD 24) and 1 g a r n e t i f e r o u s 
biotite-quartz-porphyry' (LD 65) from the S c a f e l l area ( O l i v e r , I96I) 
and a quartz-porphyry (LD 289) from Kentmere ( M i t c h e l l , 1929)• Chemically, 
the two samples from Ullswater are d a c i t i c and b a s a l t i c r e s p e c t i v e l y and 
/in 
the 1porphyrite' from S c a f e l l i s a b a s a l t i c andesite. The T g a r a e t i f e r o u s 
biotite-quartz-porphyry' has the form of a s i l l although i t s i n t r u s i v e 
character has been questioned by Strens (I962) who considers i t to be 
an ignimbrite flow. M i t c h e l l ' s (op. c i t ) quartz-porphyry i s c l o s e l y 
associated with ignimbrites to which i t may have been a feeder. 
Analyses of these f i v e samples, indicated on F i g s . 5 and 6 by 
inverted t r i a n g l e s , are very s i m i l a r to analyses of the associated 
e f f u s i v e rocks. There can be l i t t l e doubt that these small i n t r u s i o n s 
represent the same magma s e r i e s as did the e f f u s i v e rocks. 
Plate 1. Augite phenocryst i n b a s a l t (ID 148) 
Crossed polars, x 70. 
I n t h i s and subsequent photomicrographs the numbers 
i n d i c a t e the lo c a t i o n of probe-analysed points. Analyses 
are l i s t e d i n the Appendix. 
x ! 
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Plate 2 . Pseudomorph a f t e r o l i v i n e i n b a s a l t (ID 269) 
Plane po l a r i s e d l i g h t , x 32 • 
P l a t e 3« C l u s t e r of augite phenocrysts i n b a s a l t i c andesite (LD 221) 
Crossed polars, x 54 
Plate 4 P l a t e 5 
Small augite phenocrysts i n b a s a l t i c andesite (LD 309) 
Crossed polars, x 165 
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P l a t e 6. P e r l i t i c cracks i n grdundmass of andesite (LD 146) 
Plane p o l a r i s e d l i g h t , x 54. 
0* 
0 
Plate 7- Andesite (LD 1^2) with phenocrysts of orthopyroxene (0, 
a l t e r e d to c h l o r i t e ) , p l a g i o c l a s e and magnetite. 
Plane p o l a r i s e d l i g h t , x 12. 
44 
ft 
Plate 8. D a c i t i c ignimbrite (ID 303) containing pumice fragments and 
showing t y p i c a l e u t a x i t i c texture. 
Plane p o l a r i s e d l i g h t , x 4.4 
Plate 9. Small sandstone i n c l u s i o n s and augite phenocryst i n 
b a s a l t (ID 275) 
Crossed p o l a r s , x 12. 
CHAPTER 3 
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NORTHERN OUTCROP 
( i ) D i s t r i b u t i o n of rock types 
A s t r i k i n g feature of the lavas of the northern outcrop i s the 
abundance of bas i c p o r p h y r i t i c types. On the c l a s s i f i c a t i o n scheme 
used for the southern outcrop most of the lavas are b a s a l t i c andesites 
with a predominance of rocks towards the bas i c end of t h i s group ( l e s s 
than 55# S i O ^ ) . Consequently i n F i g . 3 most of the lavas i n the 
northern outcrop are c l a s s i f i e d as ' b a s a l t s ' . Acid types are rar e and 
probably account for l e s s than \% of the t o t a l thickness ( c . 2^km.) of 
the exposed vol c a n i c succession. 
Eastwood e t a l . (I968) have divided the succession i n t o a lower 
(Binsey) and an upper (High I r e b y ) group. The basal flows of each group 
are composed of d i s t i n c t i v e , highly p o r p h y r i t i c lava (Eycott type) 
containing phenocrysts of p l a g i o c l a s e up to 3cm. acr o s s . Much of the 
remainder of the succession i s made up of l e s s spectacular, but s t i l l 
h ighly p o r p h y r i t i c , lavas ( B e r r i e r type) containing smaller phenocrysts 
of p l a g i o c l a s e . Most of the l e s s basic (>55^ S i 0 2 ) b a s a l t i c andesites 
and n e a r l y a l l the p y r o c l a s t i c rocks i n the succession appear to be 
confined to the Binsey group ( F i g . 3 ) . Acid lavas and ignimbrites are 
seen o c c a s i o n a l l y i n both groups. 
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( i i ) Petrography 
The petrography of the lavas of the northern outcrop has been 
described i n d e t a i l by K. C. Dunham and J. Phemister i n the I.G.S. Memoir 
of the Cockermouth area (Eastwood et a l . , 1968). Consequently only a 
br i e f description of the rocks w i l l be given here with emphasis on the 
points of contrast between the northern and the southern outcrops. The 
cl a s s i f i c a t i o n scheme described i n Chapter 2 w i l l be used for naming 
the rock types. 
Truly basaltic lavas are not very common. They are usually 
porphyritic with phenocrysts of plagioclase, augite and orthopyroxene 
(altered to c h l o r i t e ) . The augite frequently occurs as clusters of 
crystals(Plate 10). Pseudomorphs af t e r o l i v i n e have been recorded 
i n some of the basalts by Dunham and Phemister (op. c i t . ) but were not 
seen i n any of the rocks examined here. Magnetite i s abundant i n the 
groundmass but, unlike the basalts of the southern outcrop, i t i s not 
seen as phenocrysts. 
By f a r the most abundant rocks are the basaltic andesites which 
were cl a s s i f i e d by Dunham and Phemister (op. c i t ) into three types. 
Two of these, the Eycott and Berrier types, have been mentioned already. 
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Examples of these two are i l l u s t r a t e d i n Plates 11 and 12 respectively-
The t h i r d type i s represented by the r e l a t i v e l y rare flows of aphyric 
lava. These rocks are very similar i n appearance, both i n hand-specimen 
and t h i n section, to the groundmasses of the porphyritic types. 
Plagioclase forms the dominant phenocryst phase i n the basaltic 
andesites although phenocrysts of orthopyroxene (altered to chlorite) 
and augite are commonly present. I n the more basic lavas magnetite i s 
confined to the groundmass although i t appears as a phenocryst phase i n 
the more siliceous of the basaltic andesites. This appearance of pheno-
cryst magnetite occurs at about 55^ SiO^. The magnetite phenocrysts are 
accompanied by occasional discrete crystals of ilmenite. 
I n general the groundmasses of the basaltic andesites are more 
coarse-grained than are those from similar rocks i n the southern outcrop. 
Magnetite i s abundant as small octahedral crystals and i s responsible 
for the dark colour of the rocks. Other groundmass phases are plagioclase, 
augite and, more rarely, pigeonite. 
Andesites seem to be absent from the northern outcrop and the rocks 
collected included only one dacite (ID 102). This rock has the te x t u r a l 
features of an ignimbrite (Plate 13) and i s composed of a compact mass 
48 
of d e v i t r i f i e d glass shards enclosing phenocrysts of a l b i t e , c h l o r i t e 
pseudomorphs after orthopyroxene, quartz and magnetite. The remaining 
acid rocks collected were r h y o l i t i c . One of these (ID 96), described 
by Dunham and Phemister ( i n Eastwood et a l . , 1968) as 1keratophyre 1, 
i s clearly a lava and i s composed of a r e l a t i v e l y coarse-grained (>0.1mm) 
matrix of a l k a l i feldspar and quartz with phenocrysts of a l b i t e , quartz 
and magnetite (Plate 14). The other two acid rocks are very fine-grained 
and d i f f i c u l t to clas s i f y as either lavas or ignimbrites. On rather 
slender textural evidence they are regarded here as ignimbrites. 
( i i i ) Mineralogy 
The extent of occurrence of phenocryst phases i n rocks of the northern 
and southern outcrops i s summarised diagrammatically i n Pig. b. A number 
of important differences between the two outcrops are apparent. Garnet 
i s not seen i n the northern outcrop although t h i s may be due to the 
scarcity of intermediate and acid rocks. A thorough search of heavy 
mineral residues (using bromofonn for separation) from the dacite and a 
rh y o l i t e , however, f a i l e d to reveal any traces of garnet. Treatment 
of similar rocks from the southern outcrop i n this way usually reveals 
a number of small garnet fragments. 
Pig. 8 
Extent of occurrence of phenocryst phases i n rocks of the Borrowdale 
Volcanic Group. 
Broken lines indicate that the phase i s seen only rarely. 
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I n the lavas of the northern outcrop, magnetite phenocrysts are 
only seen i n the more s i l i c a - r i c h members (>55# SiO^) where they are 
accompanied by phenocrysts of ilmenite. This i s i n marked contrast 
to the rocks of the southern outcrop which contain magnetite (but no 
ilmenite) throughout the range of compositions. The iron-titanium 
oxide minerals are invariably altered to some degree and attempts to 
analyse magnetite-ilmenite pairs were not successful. 
Pyroxene phenocrysts occur i n a similar range of rocks as do those 
of the southern outcrop. Thus, with increasing s i l i c a content, ortho-
pyroxene becomes dominant over augite u n t i l , i n the most acid of the 
basaltic andesites, augite phenocrysts become very scarce. The ortho-
pyroxene i s invariably replaced by ch l o r i t e although augite i s usually 
fresh enough fo r analysis by electron microprobe. Phenocrysts of augite 
from three rocks, a basalt (ID 115) and two basaltic andesites (ID 86 
and ID 111), were analysed. Photomicrographs of these phenocrysts 
showing the positions of analysed points are presented i n Plates 10, 15 
and 16 respectively- End-member compositions of the pyroxenes are plotted 
on Pig. 9 and complete analyses l i s t e d i n the Appendix. A l l the analyses 
plot close to the early part of the Skaergaard clinopyroxene trend 
Pig. 9 
Plot of clinopyroxene analyses from rocks of the northern ( s o l i d 
symbols) and southern (open symbols) outcrops. Sample numbers are 
indicated i n the key. 
The Skaergaard clinopyroxene trend (Brown and Vincent, 1963)» 
shown as a broken l i n e , i s included f o r comparison. 
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(Brown and Vincent, 1963). PX-111 (from the more s i l i c a - r i c h of the two 
basaltic andesites) i s enriched i n iron relative to the other analysed 
pyroxenes. Curiously, t h i s pyroxene shows reversed zoning (Mg-rich rim) 
which may be the result of the co-precipitation of magnetite depleting 
the magma i n ir o n as i t cooled. The presence of minute p a r a l l e l , rod-
l i k e inclusions of an opaque mineral (probably magnetite) i n a zone 
around the core of the crystal (Plate 16) could indicate oxidation 
of early-formed, i r o n - r i c h pyroxene while l a t e r , more magnesian, parts 
were c r y s t a l l i s i n g . The other two pyroxenes show no sign i f i c a n t 
zoning and are similar i n composition to the southern outcrop pyroxenes 
(Pig. 9). 
Augite i s the predominant groundmass pyroxene i n the basalts and 
basaltic andesites although pigeonite has been recognised o p t i c a l l y i n 
some of the l a t t e r . None of the groundmass phases, however, was analysed 
i n the present study. 
Optical determination of plagioclase compositions gives values of 
about An^ ,_ fo r the large phenocrysts i n the basaltic andesites and almost 
pure a l b i t e f o r the phenocrysts of dacites and r h y o l i t e s . I n t h i s respect 
the rocks of the northern outcrop are similar to those of the south. 
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( i v ) Petrochemistry 
The highly porphyritic nature and restricted range of composition 
of most of the northern outcrop lavas makes the construction of variation 
diagrams rather d i f f i c u l t . Only the ignimbrites and aphyric lavas repre-
sent liqui d s and these have been plotted as solid symbols on the variation 
diagrams (Figs. 10 and 11). I n addition to these the groundmasses of four 
samples of Eycott type lava have been separated, using heavy-liquid 
techniques. Analyses of these are plotted as solid inverted triangles 
joined by t i e - l i n e s to points representing the bulk composition of the 
respective porphyritic rocks. Together, these s o l i d symbols represent 
the chemical v a r i a t i o n of the northern outcrop magma. The variation of 
iron with magnesium i s shown i n Pig. 12. 
In contrast with the southern outcrop there i s abundant evidence t o 
suggest that crystal fractionation was important i n the evolution of the 
northern outcrop magmas. The feldspar phenocrysts i n the Eycott type 
basaltic andesites are certainly accumulative and i n some samples may 
account f o r over 50# of the volume of the rock. The small volume of 
acid rocks could easily be derived by t h i s process as was demonstrated 
numerically by Lowder and Carmichael (1970) f o r the lavas of Talasea, 
Fig. 10 
Major-element variation i n rocks of the northern outcrop. 
O Porphyritic lavas 
A Aphyric lavas 
T Separated groundmasses from Eycott type lavas 
# Ignimbrites 
• Embleton microdiorite 
Carrock Pell Complex:-
A Gabbros and granophyres (L-leucogabbro) 
V Harestones f e l s i t e 
The open c i r c l e at c. 70# SiO^ represents the *keratophyre T lava (LD 
96) from Eycott H i l l . 
The broken lines i n the plot of Na20 + K^ O against S i 0 2 enclose the 
f i e l d of Japanese calc-alkaline rocks as i n Pig. 5« T h o l e i i t i c rocks plot 
below the lower of the two lines. 
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Pig. 11 
Trace-element v a r i a t i o n i n rocks of the northern outcrop. Symbols 
as i n Pig. 10. 
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Pig. 12 
Plot of t o t a l i r o n (expressed as P e 2°3^ against MgO fo r rocks of 
the northern outcrop. 
Symbols as i n Pig. 10. 
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New B r i t a i n . Using a least-squares method, these authors showed that 
crystal fractionation of the phenocrysts could account for the observed 
l i q u i d l i n e of descent of the lavas. By analogy with the Talasea lavas 
the subtraction of plagioclase, two pyroxenes and magnetite from a 
basaltic andesite magma could yield the small volume of acid rocks 
observed i n the northern outcrop. The absence of rocks of intermediate 
composition, reminiscent of the 'Daly Gap' i n rocks from oceanic islands 
(Chayes, I963), i s not a serious objection to a crystal fractionation 
model. Wyllie (I963) bas shown that the presence of thermal shelves 
i n the system diopside-anorthite-albite, such that small changes i n 
temperature could cause large changes i n l i q u i d composition, may account 
for the*absence of intermediate rocks i n basalt-rhyolite associations. 
I n addition to the petrographic differences, the rocks of the two 
outcrops show a number of important petrochemical differences. The 
northern outcrop 'magma' (as represented by solid symbols i n Figs. 10, 
11 and 12) i s richer i n i r o n , titanium, vanadium and copper than that 
of the southern outcrop. For iron, the r e l a t i v e difference i s of the 
order of 25# but f o r the other three elements differences of 100$ are 
seen i n the basic rocks. The northern outcrop 'magma1 i s also s i g n i f i -
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cantly, though less obviously, richer i n Zr, Y and Nb and s l i g h t l y poorer 
i n K and Ba. The d i s t r i b u t i o n of phosphorus also reveals differences i n 
the rocks and the two outcrops. I n rocks from the south the element 
remains at a constant level of about 0.2^ throughout the fractionation 
sequence (Pig. 5 ) . I n the north, however, i t appears to increase with 
increasing s i l i c a i n the basaltic andesites reaching a maximum of 0A%. 
Thereafter i t declines i n abundance, dropping to about 0.05$ i n the 
rhyolites (Fig. 1 0 ) . This r i s e and f a l l i n phosphorus content i s similar 
to that inferred f o r the Skaergaard liquids (Wager and Brown, 1967). 
The r e l a t i v e iron-enrichment i n the northern outcrop lavas i s shown 
on an A.P.M. diagram (Fig. 1 3 ) . On t h i s basis these rocks appear to be 
t r a n s i t i o n a l i n character between calc-alkaline and t h o l e i i t i c . Their 
t r a n s i t i o n a l nature i s also suggested on the pl o t of t o t a l alkalies against 
s i l i c a (Pig. 1 0 ) . Whether or not the northern outcrop series shows 
absolute iron enrichment cannot be established from the data available as 
a l l the sampled basalts were porphyritic. I t seems l i k e l y , however, that 
fractionation of a southern outcrop-type basalt magma involving the 
extensive pr e c i p i t a t i o n and removal of plagioclase and augite together with 
the removal of a small amount of oli v i n e could y i e l d the observed ir o n - r i c h 
Pig. 13 
A.P.M. (weight %) plot of analysed samples from the northern (solid 
symbols) and southern (open c i r c l e s ) outcrops. The solid c i r c l e s repre-
sent aphyric lavas and acid rocks of the northern outcrop. Solid triangles 
represent groundmasses separated from Eycott type lavas. 
A » Na20 + K 20 ; P * t o t a l iron (as FeO) ; M = MgO 
Typical t h o l e i i t i c (Thingmuli) and calc-alkaline (Cascades) trends, 
both from Carmichael (1964) , are included f o r comparison. 
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basaltic andesite l i q u i d s . Suppression of magnetite precipitation i n the 
more basic liquids (as observed petrographically) would be essential f o r 
the process to operate e f f i c i e n t l y . The greater enrichment i n T i and V 
rel a t i v e to Pe i n the basaltic andesite l i q u i d can be accounted f o r by 
the presence of ir o n , and scarcity of the other two elements, i n the 
pyroxenes. The appearance of magnetite as a phenocryst phase i n the 
more s i l i c a - r i c h basaltic andesites i s consistent with the rapid decline 
i n Fe, T i and V observed i n the la t e r differentiates (Figs. 10 and 11). 
Copper f a l l s o f f exponentially with increasing s i l i c a suggesting that the 
separation of a sulphide phase i s involved i n the fractionation. The 
occurrence of minute blebs of chalcopyrite i n some of the rocks supports 
t h i s hypothesis. 
The only objection to t h i s model of crystal fractionation of a basaltic 
parent i s the scarcity of basalts and apparent lack of the more basic 
basalts seen i n the southern outcrop. This i s best i l l u s t r a t e d by com-
paring the Mg, Ni and Cr dist r i b u t i o n s of the two outcrops (Figs, 5, 6, 
10 and 11)* Rocks r i c h i n these elements are lacking i n the northern 
outcrop. Crystal fractionation has undoubtedly taken place i n the 
northern outcrop liquids but the nature of the parent magma i s obscure. 
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On the evidence of the rocks exposed at the surface a basaltic andesite 
magma would seem to be a more r e a l i s t i c parent. Large volumes of t h i s 
magma, accompanied by small amounts of basaltic magma, may have been 
derived by the p a r t i a l melting process envisaged f o r the magmas of the 
southern outcrop. Iron-enrichment may be an o r i g i n a l feature of th i s 
magma but i t i s more l i k e l y the result of extensive crystal fraction-
ation. 
I f c r y s t a l fractionation was responsible f o r the chemical variation 
i n the northern outcrop magmas, what were the physico-chemical factors 
responsible f o r t h i s fractionation and for the differences between rocks 
of the two outcrops? For crystal fractionation to take place a body of 
magma must be stored f o r long periods of time and allowed to cool. This 
condition i s more l i k e l y to obtain i n r e l a t i v e l y dry magmas than i n magmas 
with a high P„ I n the l a t t e r case the drop i n pressure as the l i q u i d H20 
rises from i t s source region would lower the s o l u b i l i t y of water i n the 
magma (Hamilton et a l . , 1964) and lead to water saturation. The escape 
of excess water would favour explosive volcanism and reduce the efficiency 
of crystal fractionation i n any but the most deep-seated magma chambers. 
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Such explosive eruption of water-rich magma i s suggested by the 
rocks of the southern outcrop (eg. the abundance of pyroclastics and 
ignimbrites). However, there are several lines of evidence to suggest 
that the northern outcrop magmas were r e l a t i v e l y dry. Pyroclastic rocks 
are much less abundant and the rare ignimbrites are accompanied by acid 
lavas - a feature not seen i n the south. The extensive precipitation 
of plagioclase could suggest a dry magma since high P ~ tends to 
suppress plagioclase c r y s t a l l i s a t i o n i n basic magmas (Yoder and T i l l e y , 
1962). Finally, the absence of magnetite phenocrysts i n the more basic 
rocks of northern outcrop suggests that the magma crystalli s e d under 
conditions of lower f- (and lower P n ) than the southern outcrop magmas 
°2 H 2 ° 
(Osborn, 1959). 
In Osborn's (1959) o r i g i n a l model for the evolution of calc-alkaline 
magmas he distinguished two contrasted types of basaltic fractionation. I n 
one, the t o t a l composition of the system remains constant, oxygen fugacity 
f a l l s with f a l l i n g temperature and the residual liquids are enriched i n 
iron resulting i n a t h o l e i i t i c fractionation sequence. I n the other, water 
enters the system from an external source and maintains the f at a constant 
u 2 
level as fractionation proceeds; iron-enrichment i s prevented and a suite of 
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calc-alkaline li q u i d s i s produced. Carmichael and Nicholls ( I967) have 
suggested that t h i s concept could be stated i n a more r e a l i s t i c way. They 
consider Osborn's (op. c i t . ) two fractionation types as extremes i n a 
continuous series with the oxygen fugacity of the magma controlled by the 
cr y s t a l l i n e phases ( i n t e r n a l l y buffered) and the v o l a t i l e component 
(externally buffered) respectively. Fractional c r y s t a l l i s a t i o n of a magma 
w i l l result i n the residual l i q u i d s becoming enriched i n v o l a t i l e s so that 
at some stage i n the fractionation sequence the oxygen fugacity of an 
int e r n a l l y buffered system w i l l cease to be controlled by the c r y s t a l l i n e 
phases and instead be externally buffered by the v o l a t i l e s . Carmichael 
and Nicholls (op. c i t . ) consider that the point i n the fractionation 
sequence at which t h i s 'crossover' stage i s reached w i l l be c r i t i c a l i n 
establishing the character of the sequence. I n a water-rich system t h i s 
w i l l occur early and, i f fractionation occurs, the residual liquids w i l l 
follow a calc-alkaline trend. I n a dry system (eg. the Skaergaard 
intrusion), however, i t w i l l occur i n the l a t e s t stages of c r y s t a l l i s a t i o n 
by which time a sequence of iron-enriched, t h o l e i i t i c liquids w i l l have 
resulted. 
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I n the magma sequence represented by the northern outcrop lavas the 
'crossover1 stage seems to have been reached at about 55^ SiO^ • Up to 
thi s point fractionation of plagioclase and pyroxene resulted i n iron -
enrichment i n the residual l i q u i d s . The appearance of magnetite as a 
phenocryst phase then depleted the succeeding liquids i n iro n . The 
reversed zoning i n a clinopyroxene phenocryst i n sample LD 111 (with 
57«2# SiOg) provides evidence f o r the operation of an external buffer 
during the c r y s t a l l i s a t i o n of these l a t e r liquids ( c f . Carmichael, 1967; 
Carmichael and Nicholls, 1967). 
On the basis of the petrochemistry the rocks of the northern outcrop 
may be regarded as tr a n s i t i o n a l i n character between calc-alkaline and 
t h o l e i i t i c . The development of mild iron-enrichment i n the basaltic 
andesites together with the occurrence of pigeonite i n the groundmasses 
of these rocks are ty p i c a l t h o l e i i t i c characters (Kuno, 196b). Lavas 
of the t h o l e i i t i c suite commonly occur i n association with calc-alkaline 
volcanics i n modern island arcs. Where both magma types are represented 
i n an island arc, the t h o l e i i t i c lavas always occur on the oceanward side 
of the arc (Kuno, 1966). I t i s tempting, therefore, to draw an analogy 
between the Borrowdale Volcanics and a modern island arc. 
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This analogy receives support from other lines of evidence. I n a 
comparison between the t h o l e i i t i c volcanics of the South Sandwich Islands 
and the calc-alkaline volcanics of the Lesser A n t i l l e s , Baker (1968a) 
pointed to the predominance of basalts and scarcity of pyroclastics i n 
the former r e l a t i v e to the l a t t e r - The eruption of intermediate and acid 
rocks i n the Lesser A n t i l l e s arc i s characterised by v i o l e n t l y explosive 
a c t i v i t y whereas the basalts and basaltic andesites of the South Sandwich 
Islands seem to have been erupted much more quietly. The rocks of these 
two island arcs are comparable, i n these features, with the Borrowdale 
volcanic rocks of the southern and northern outcrops respectively. The 
predominance of basaltic rocks over intermediate and acid members seems 
to be a general feature of the island arc t h o l e i i t i c suite (Jake^ and G i l l , 
1970). 
The question remains whether the observed differences between the 
rocks of the two outcrops r e f l e c t a fundamental difference i n magma 
type or whether they are simply the result of fractionation under d i f f e r e n t 
conditions of P„ To answer t h i s one must look at the more subtle 
features of the geochemistry of the rocks. 
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Jakes and White (1970) have shown that the increase i n the potassium 
content of lavas across island arcs i n a direction away from the ocean, as 
demonstrated by Dickinson and Hatherton ( I967) i s accompanied by a decrease 
i n the K/Rb r a t i o s * Jakes and White (op. c i t . ) ascribe these differences 
to differences i n the phases undergoing p a r t i a l melting at depth. I n the 
Borrowdale Volcanics, however, the K/Rb ratios for the rocks of the two 
outcrops are not s i g n i f i c a n t l y d i f f e r e n t . Both groups of rocks give 
ratios of around 200, f a l l i n g s l i g h t l y with increasing potassium (Fig. 14). 
This r a t i o i s very close to Shaw's (1968) 'main trend' for igneous rocks 
which has an average value of 2^0. The lack of a significant difference 
between the rocks of the two outcrops i s not surprising i n view of the 
small difference i n potassium content. 
Perhaps a more significant difference between island arc t h o l e i i t e s 
and calc-alkaline rocks i n general l i e s i n the d i s t r i b u t i o n of the rare-
earth elements. Jakes and G i l l (1970), i n a study of the rare-earth 
element abundances i n rocks from a number of modern and ancient island 
arcs, have shown that the two magma types are characterised by d i f f e r e n t 
d i s t r i b u t i o n patterns f o r these elements. Members of the island arc 
t h o l e i i t i c series have f l a t chondrite-normalised d i s t r i b u t i o n patterns 
(as do oceanic t h o l e i i t e s ) whereas calc-alkaline rocks are always 
Pig. 14 
K - Rb relationships i n rocks from the southern and northern outcrops. 
Symbols as i n Figs. 5 and 10 respectively. 
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enriched i n the l i g h t rare earths (La - Eu) r e l a t i v e to the heavy rare 
earths (Gd - Lu). Analytical l i m i t a t i o n s imposed by the available 
equipment made the determination of the heavy (and least abundant) rare 
earths impractical. These heavy rare earths, however, are chemically very 
similar to yttrium and, together with t h i s element, form a geochemically 
coherent group known as the 'yttrium earths' (Goldschmidt, 195^, p. 310) . 
I t should be possible, therefore, to obtain a qualitative estimate of 
the relative shape of the chondrite-normaUsed rare earth d i s t r i b u t i o n 
pattern from the La/Y r a t i o of the rocks. Both these elements can be 
determined precisely by X.R.F. techniques. 
I f the rocks from the northern outcrop are akin to the island arc 
t h o l e i i t e s they should have lower La/Y ra t i o s than the calc-alkaline 
rocks from the southern outcrop. Yttrium has been determined f o r a l l the 
rocks studied, and a l l the northern outcrop samples plus a representative 
selection of rocks from the southern outcrop were analysed f o r lanthanum. 
A logarithmic p l o t of La against Y (Fig. 15) shows that rocks from the 
northern and southern outcrops form two d i s t i n c t , p a r a l l e l trends with 
La/Y ratios of 0.55 and 0.78 respectively. This d i s t i n c t i o n applies 
throughout the range of rock types from basalts to rhyolites and i s , 
Fig. 15 
Plot of lanthanum against yttrium f o r the volcanic rocks of the 
northern (solid symbols) and southern (open c i r c l e s ) outcrops. 
The solid c i r c l e s represent a l l the analysed samples (lavas and 
ignimbrites) from the northern outcrop. Solid triangles represent 
groundmasses separated from Eycott type lavas. 
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therefore, a fundamental character of the two magma s u i t e s and not the 
r e s u l t of a c r y s t a l f r a c t i o n a t i o n r e l a t i o n s h i p between them. I n comparison, 
La/Y r a t i o s c a l c u l a t e d from a n a l y t i c a l data presented by G i l l (197o)for 
volcanic rocks from V i t i Levu, F i j i , have mean values of 0.14 f o r i s l a n d 
arc t h o l e i i t e s and 0.50 f o r c a l c - a l k a l i n e rocks. 
I t must be concluded that the Borrowdale Volcanics represent two 
d i s t i n c t magma types and th a t they may have been erupted i n an ancient 
i s l a n d a r c . The palaeogeographic i m p l i c a t i o n s of t h i s i s l a n d arc 
hypothesis w i l l be discussed i n Chapter 5. L i t t l e has been said so f a r 
concerning the genesis of the two magma types. The d i s c u s s i o n of t h i s 
problem w i l l a l s o be reserved f o r the concluding chapter, 
(v) I n t r u s i o n s 
Like the southern outcrop, the northern part of the Lake D i s t r i c t 
contains a number of i n t r u s i o n s which may be r e l a t e d to the volcanic 
rocks. The l a r g e s t of these, the Carrock P e l l Complex, forms an elongate 
i n t r u s i o n (6km. long by 1.5km. wide) and, excepting the g r a n i t e s , i s the 
l a r g e s t i n t r u s i o n i n the Lake D i s t r i c t . Many of the adjacent minor 
i n t r u s i o n s are associated with t h i s complex. Of the remaining minor 
i n t r u s i o n s two groups are p a r t i c u l a r l y prominent and w i l l be discussed 
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here. These are the microdiorite and d o l e r i t e bodies of the Embleton 
area and the s o - c a l l e d ' p i c r i t e ' of Great Cockup. 
(a ) Carrock F e l l Complex 
Thi s i n t r u s i o n has been the subject of many i n v e s t i g a t i o n s since 
the c l a s s i c study of Harker (1895). The most recent i s the extensive 
work c a r r i e d out by the I.G.S. and published i n the Cockermouth Memoir 
(Eastwood e t a l . 1968). T h i s memoir includes a d e t a i l e d petrographic 
d e s c r i p t i o n of the complex by K. C. Dunham. 
The complex i s a composite i n t r u s i o n l a r g e l y composed of gabbro 
and granophyre. The gabbros are layered (Eastwood et a l . op c i t . , 
Plate I V B) and range from melagabbro, r i c h i n pyroxene, magnetite and 
ilme n i t e , to leucogabbro composed almost e n t i r e l y of p l a g i o c l a s e . The 
granophyres are t y p i c a l l y composed of a micrographic intergrowth of 
quartz and a l k a l i f e l d s p a r enclosing small phenocrysts of sodic plagio-
c l a s e and o c c a s i o n a l l y an i r o n - r i c h clinopyroxene. A t h i r d rock type 
i s represented by the Harestones f e l s i t e . This i n t r u s i v e body i s 
important i n e s t a b l i s h i n g the age of the complex as i t encloses a l a r g e , 
elongate mass of Caradocian D r y g i l l Shales (Dean, 1963) measuring about 
lkm. i n i t s longest dimension. The f e l s i t e i s a d e v i t r i f i e d g l a s s y rock 
7? 
containing small phenocrysts of p e r t h i t i c a l k a l i feldspar and quartz. 
The age of the complex has not been e s t a b l i s h e d with any c e r t a i n t y . 
I t intrudes the lower part of the northern Borrowdale Volcanics succession 
(Binsey Group) and contains blocks of Eyco t t type l a v a which probably came 
from the base of the High Ireby Group. Parts of the complex have been 
thermally metamorphosed by the i n t r u s i o n of the nearby Skiddaw Granite of 
Lower Devonian age ( M i l l e r , I962). I f the Harestones f e l s i t e was intruded 
a t the same time as the remainder of the complex then the age of the 
i n t r u s i o n must be post-Caradocian and pre-Lower Devonian. However, 
Hollingworth ( i n Eastwood et a l . , 1968) suggests that the Harestones 
f e l s i t e may be g e n e t i c a l l y r e l a t e d to the Skiddaw granite and not to the 
remainder of the Carrock F e l l Complex. He a l s o suggests that the gabbro 
was intruded i n t o i t s present p o s i t i o n a t a l a t e stage i n i t s c r y s t a l l i -
s a t i o n h i s t o r y , as a c r y s t a l mush. Consequently, i f one can discount the 
evidence provided by the Harestones f e l s i t e , i t i s quite p o s s i b l e that the 
complex was g e n e t i c a l l y r e l a t e d to the northern Borrowdale V o l c a n i c s . T h i s 
p o s s i b i l i t y was examined i n the present study. 
Ten samples (5 of gabbro, 4 of granophyre and 1 sample of Harestones 
f e l s i t e ) were c o l l e c t e d and t h e i r analyses are plotted i n F i g s . 10 and 11. 
I n a l l the elements determined the granophyres are very s i m i l a r to the a c i d 
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e f f u s i v e rocks of the northern outcrop and are p a r t i c u l a r l y s i m i l a r to 
the sample of 1keratophyre' (LD 96) which they resemble petrographically. 
The chemical r e l a t i o n s h i p between the gabbros and the basic lavas i s more 
complex. I t i s tempting, however, to regard the layered gabbros as 
cumulates r e s u l t i n g from the c r y s t a l f r a c t i o n a t i o n of the lava magmas. 
I n p a r t i c u l a r the leucogabbro (CN-16, marked ! L ' on Pigs. 10 and 11) 
and the ilmenite-melagabbro (CN-7) would f i t e a s i l y i n t o the c r y s t a l 
f r a c t i o n a t i o n scheme proposed f o r the northern outcrop l a v a s . The 
Harestones f e l s i t e a n a l y s i s (ID 285, plotted with an inverted open 
t r i a n g l e ) , which must approximate the composition of the l i q u i d from 
which i t c r y s t a l l i s e d , f a l l s a long way o f f the l i q u i d l i n e of descent 
of the lavas and i s c l e a r l y d i f f e r e n t from the granophyres. I t i s much 
more s i m i l a r i n chemical composition to the Lake D i s t r i c t granite 
samples so f a r analysed by the w r i t e r (work i n progress). 
The Carrock F e l l Complex i s therefore s i m i l a r , chemically, to the 
nearby la v a s of the northern outcrop. The p o l a r i t y of rock types i n the 
complex (gabbro-granophyre) i s r e f l e c t e d by a s i m i l a r p o l a r i t y i n the la v a s 
( b a s a l t i c a n d e s i t e - r h y o l i t e ) . The high titanium and vanadium contents i n 
both the gabbros and the ba s i c lavas and the clo s e s i m i l a r i t y between 
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the granophyres and the r h y o l i t e s could be purely c o i n c i d e n t a l but are 
more l i k e l y to r e f l e c t a genetic connection between the i n t r u s i o n and 
the v o l c a n i c s . On the r e s u l t s of t h i s reconnaisance study, then, i t 
i s proposed t h a t the Carrock P e l l Complex may represent the remains 
of one of the magma chambers which supplied the northern Borrowdale 
V o l c a n i c s . The complex would c e r t a i n l y repay more d e t a i l e d geochemical 
and mineralogical i n v e s t i g a t i o n , 
(b) The Embleton I n t r u s i o n s 
Around the v i l l a g e of Embleton, east of Cockermouth, are a number 
of s i l l - l i k e bodies of microdiorite intruded i n t o the Skiddaw S l a t e s . 
The i n t r u s i v e rock i s composed of c r y s t a l s of pl a g i o c l a s e (andesine to 
o l i g o c l a s e ) with c h l o r i t e pseudomorphs, probably a f t e r orthopyroxene. 
Augite i s present i n some samples of the rock. Quartz and a l k a l i f e l d -
spar are commonly present as an i n t e r s t i t i a l intergrowth with a micro-
graphic t e x t u r e . An opaque mineral, probably titanomagnetite, i s t y p i c a l l y 
abundant i n the rock as large s k e l e t a l c r y s t a l s . 
Two samples of the rock were c o l l e c t e d f o r a n a l y s i s from one of the 
i n t r u s i o n s a t Close Quarry. One (LD 266) was taken from the centre of 
the i n t r u s i o n and the other (LD 267) from the c h i l l e d margin. Analyses 
of these samples are plotted on the v a r i a t i o n diagrams ( P i g s . 10 and 11) 
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as open squares; the more basic o f the two i s the analysis of the c h i l l e d 
margin. Both samples f a l l on or close t o the l i q u i d l i n e of descent o f 
the northern outcrop volcanic rocks f o r a l l the elements p l o t t e d . The 
high i r o n , t i t a n i u m and vanadium contents of the two samples i s p a r t i c u -
l a r l y noteworthy- On the basis o f the chemistry o f these two samples i t 
i s possible t h a t the Embleton i n t r u s i o n s are r e l a t e d t o the northern 
Borrowdale volcanics. Unlike the cumulates o f Carrock P e l l , however, 
these i n t r u s i v e rocks represent c h i l l e d l i q u i d s , 
( c ) Great Cockup ' P i c r i t e ' 
This i n t r u s i o n i s one of three small s i l l - l i k e bodies outcropping 
i n the f e l l s t o the east of Bassenthwaite. They are composed of an 
ul t r a m a f i c rock classed by Bonney (1885) as p i c r i t e . The rock i s a 
hornblende-rich cumulate containing i n t e r s t i t i a l aggregates of p l a g i o -
clase. The hornblende forms large (up t o 1cm.) c r y s t a l s which sometimes 
enclose pseudomorphs a f t e r o l i v i n e and orthopyroxene. Detailed petro-
graphic d e s c r i p t i o n s of these i n t r u s i o n s have been given by Fhemister-
( i n Eastwood e t a l . , I968). 
From i t s appearance i n t h i n section the hornblende i n these rocks 
seems t o be primary. I t i s therefore u n l i k e l y t h a t the rocks are r e l a t e d 
t o the Borrowdale volcanics because primary hornblende phenocrysts are 
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never seen i n the l a t t e r . Dunham ( i n Eastwood et a l . , op c i t . ) c l a s s e s 
the rocks with the s p e s s a r t i t e s and considers them to form a consanguineouB 
group with the Embleton i n t r u s i o n s and the lamprophyres i n the area. I f 
t h i s i s so then the rocks of t h i s group are probably g e n e t i c a l l y a l l i e d to 
the Lake D i s t r i c t g r a n i t e s and not to the vol c a n i c rocks. Whether or not 
the Embleton i n t r u s i o n s should be placed i n t h i s group i s , as shown above, 
debatable. 
An a n a l y s i s of a sample from the Great Cockup i n t r u s i o n (LD 72) i s 
l i s t e d i n the Appendix although t h i s a n a l y s i s has not been plotted on the 
v a r i a t i o n diagrams. 
Plate 10 C l u s t e r of augite phenocrysts i n b a s a l t (ID 115) 
Crossed polars, x 73 
Plate 11 Polished slab o f Eycott type b a s a l t i c andesite (LD 73A) 
The surface has been etched w i t h h y d r o f l u o r i c acid t o 
accentuate the plagioclase phenocrysts 
-T' 
Plate 12 B e r r i e r type b a s a l t i c andesite (LD 85). I n t h i s sample the 
phenocrysts are almost e x c l u s i v e l y o f plagioclase. 
Crossed polars, x 4.4 
Plate 13 Ignimbrite-: (LD 102) w i t h rounded phenocrysts o f a l b i t e 
Plane polarised l i g h t , x 11 
• 
Plate 14 'Keratophyre' (LD 9b) w i t h phenocrysts of a l b i t e 
Crossed po l a r s , x 15 
Plate 15 Augite phenocrysts i n b a s a l t i c andesite (LD b6) 
Crossed polars, x 73 
1 
v 
Plate 16 Augite phenocryst i n b a s a l t i c andesite (LD 111) 
Plane polarised l i g h t , x 73 
Note exs o l u t i o n of an opaque mineral i n core of c r y s t a l 
CHAPTER 4 
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GARNETS 
( i ) Introduction 
I n general, garnets occur very r a r e l y i n igneous rocks and so t h e i r 
abundance i n the Borrowdale Volcanics deserves s p e c i a l a t t e n t i o n . T h e i r 
presence i n these rocks has been noted s i n c e the e a r l i e s t days of 
geological research i n the Lake D i s t r i c t . A review of previous work on 
the garnets and of the divers e opinions on t h e i r o r i g i n has been given 
by O l i v e r (1956). I n the present study an attempt was made to as s e s s 
the d i s t r i b u t i o n and compositional range of the garnets and to e s t a b l i s h 
t h e i r mode of o r i g i n and petrogenetic s i g n i f i c a n c e . The study i s there-
fore an extension of the i n v e s t i g a t i o n c a r r i e d out by O l i v e r (op. c i t . ) . 
( i i ) D i s t r i b u t i o n 
The apparent r e s t r i c t i o n of garnets to the rocks of the southern 
outcrop has been noted i n the previous chapter. Within the volcanic 
succession of t h i s outcrop, garnetiferous rocks are l a r g e l y r e s t r i c t e d 
to u n i t s below the horizon of the Wrengill Andesites (see F i g . 3). 
Garnets are abundant i n the Airy's Bridge Group and i t s l a t e r a l equiva-
l e n t s and i t was from t h i s group that most of the samples used i n O l i v e r ' s 
(op. c i t . ) study were obtained. Garnetiferous horizons are al s o found i n 
the underlying andesites, and Moseley (1960) c i t e s s e v e r a l occurrences of 
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g a r n e t - r i c h andesite flows i n the U l l s w a t e r Group. 
I n the upper u n i t s of the succession garnets are extremely r a r e . 
Garnet fragments are sometimes seen i n the t u f f s of the Lincomb Tarns 
Formation i n the S c a f e l l area ( O l i v e r , 1961) and a s i n g l e garnet c r y s t a l 
(G-302) has been found by the w r i t e r i n the Wrengill Andesite near 
Ambleside. The mineral has not been recorded from any of the other 
andesite or d a c i t e u n i t s i n the upper part of the succession. 
I n addition to t h i s s t r a t i g r a p h i c r e s t r i c t i o n garnets are a l s o 
r e s t r i c t e d to c e r t a i n rock types. They are abundant i n andesites and 
d a c i t e s and are sometimes seen i n r h y o l i t e s but have never been 
recorded from the more bas i c rocks. Moseley (I96O) has described 
garnet-bearing f b a s a l t s ' from Ul l s w a t e r but analyses of these rocks 
show them to be an d e s i t e s . Garnet occurs s p o r a d i c a l l y in the andesites 
and d a c i t e s of the lower part of the succession. I n some u n i t s i t i s 
apparently absent although i n others i t becomes very abundant ( P l a t e 17). 
Garnets are not confined to the e x t r u s i v e rocks of the Lake D i s t r i c t . 
Many of the associated minor i n t r u s i o n s contain garnet as do some of the 
l a r g e r i n t r u s i o n s (e.g. the Haweswater complex; Hancox, 193*0. They a l s o 
occur i n some of the granites (e.g. S t . John's and Th r e l k e l d microgranites) 
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and i n t h e i r associated dykes (e.g. Armboth dyke). Hadfielr' and Whiteside 
(1936), however, consider the garnets i n the St. John's and Threlkeld i n -
trusions t o be xenocrysts derived from the Borrowdale Volcanics. The 
armboth dyke may also have acquired i t s garnets i n t h i s way. 
( i i i ) Petrography 
I n the andesites o f the southern outcrop garnet appears to replace 
augite as a phenocryst phase. Augite phenocrysts are u s u a l l y present i n 
the b a s a l t i c andesites and t h e i r disappearance i n the more s i l i c i c rocks 
i s followed c l o s e l y by the appearance of garnet. None of the rocks 
examined i n the present study contain both phenocryst phases and so there 
i s no evidence o f any r e a c t i o n r e l a t i o n s h i p between them. 
The garnets vary a great deal i n si z e . The l a r g e s t c r y s t a l observed 
i n t h e present study (G-302, Plate 23) i s almost a centimetre i n diameter 
although such large c r y s t a l s are r a r e . Most of the garnets are between one 
and two m i l l i m e t r e s i n diameter. 
The garnet phenocrysts i n the andesites i n v a r i a b l y show some signs 
of r e s o r p t i o n . This varies from a rounding o f the c r y s t a l o u t l i n e (e.g. 
Plate 20) t o almost complete breakdown, leaving only a few small detached 
fragments (e.g. Plate 18 B)- I n some samples, c i r c u l a r patches o f break-
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down products suggest the o r i g i n a l presence of garnet which i s now to tally-
re so rbed . 
The breakdown products of garnets i n the andesites comprise f i n e 
aggregates of a pale green, c h l o r i t e - l i k e m a t e r i a l , sometimes accom-
panied by the separation of magnetite g r a i n s . They often form a corona 
around a core of unaltered garnet ( P l a t e 21 A). The andesite garnets 
are u s u a l l y traversed by a network of cracks which f a c i l i t a t e breakdown 
and re s o r p t i o n . Not a l l p a r t i a l l y resorbed garnets are accompanied by 
breakdown products, however. I n many cases the garnets appear to have 
been d i s s o l v i n g i n the magma before i t s o l i d i f i e d and possess only a 
narrow r e a c t i o n rim (e.g. P l a t e s 19 and 23). 
Many of the andesite t u f f s and coarser p y r o c l a s t i c rocks of the 
southern outcrop contain garnets. I n these rocks the garnets are u s u a l l y 
present as c r y s t a l fragments. 
The d a c i t i c and r h y o l i t i c ignimbrites of the southern outcrop a l s o 
contain garnets. These are seldom resorbed to the same extent as those 
from the andesites and frequently possess sharp c r y s t a l o u t l i n e s (e.g. 
Plates 24 and 28). Unlike the andesite garnets they are r e l a t i v e l y f r e e 
from c r a c k s . Where these garnets do show resorption they are often 
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surrounded by c l u s t e r s of pla g i o c l a s e c r y s t a l s ( O l i v e r , 1956). I n these 
cases i t appears that the resorbed garnet has tended to nucleate the 
pl a g i o c l a s e . 
Many of the ignimbrites possess a prominent flow-banded texture 
r e s u l t i n g from the alignment of g l a s s shards. These f l o w - l i n e s are often 
seen to s w i r l around any garnets present i n the rock, as i n Plate 24. 
T h i s feature, together with the common occurrence of d e f i n i t e c r y s t a l 
fragments of garnet i n the ignimbrites ( P l a t e 2 6 ) , provides strong 
evidence that the garnets c r y s t a l l i s e d from the magma before i t s o l i d i f i e d 
( O l i v e r , 1956). 
The garnets i n both the andesites and the d a c i t e s frequently contain 
i n c l u s i o n s . Titanomagnetite c r y s t a l s and minute s p h e r i c a l blebs of a 
sulphide phase (probably p y r i t e ) are the most abundant i n c l u s i o n s i n the 
andesite garnets. I n the dac i t e garnets, a p a t i t e needles and t i n y 
euhedral c r y s t a l s of z i r c o n are frequently seen and are o c c a s i o n a l l y 
abundant as i n G-317 ( P l a t e 2 8 ) . Magnetite i n c l u s i o n s sometimes occur 
i n these garnets though a p a t i t e and z i r c o n i n c l u s i o n s are only r a r e l y 
seen i n the andesite garnets. 
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( i v ) Composition 
Garnets from 14 samples were analysed for major elements using the 
electron microprobe. Of these, 11 were prepared as polished thin 
sections so that zoning and variation between individual phenocrysts 
could be assessed. The samples prepared i n this way comprised 6 
andesites, 4 d a c i t i c ignimbrites and a sample of garnetiferous ignimbrite 
from Snowdonia i n North Wales. The use of polished thin sections for the 
other three samples was impracticable on account of the scarcity of garnet 
in them. Consequently the garnet was separated from crushed rock samples 
with bromoform and mounted i n p l a s t i c as grain-mounts. The rocks treated 
in this way comprised a sample of s i l i c i c tuff from the Lincomb Tarns 
Formation (LD 21 ) and representative samples of the Threlkeld microgranite 
(LD 204) and Armboth dyke (LD 277). I n a l l , 69 analyses were obtained 
from these 14 rocks, each representing the average of at least s i x probe 
analyses per analysed point. The location of these andyses are indicated 
on the photomicrographs presented i n Plates 18 - 2 8 . The three analyses 
obtained from grain mounts represent average analyses of several grains 
and no significant variation between the grains i n each mount was found. 
A l l the individual analyses are l i s t e d i n the Appendix. 
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The analyses were recalculated i n t o end-member molecules according 
t o the scheme proposed by Rickwood (1968) and the three major components 
(almandine, pyrope, and spessartine) p l o t t e d on a ternary diagram ( P i g . 
1 6 ) . The garnets are a l l almandine-rich and t h e i r analyses p l o t along 
a c l e a r l y defined trend. Garnets from the dacites ( s o l i d symbols i n 
Fig. 16) are c o n s i s t e n t l y r i c h e r i n almandine and spessartine than are those 
from the andesites (open symbols). The grossular component varies i r r e g -
u l a r l y from about 3 t o almost 9 molecular per cent although i t i s generally 
lower i n the dacite garnets (average c. 3 -5$) than i n those from the 
andesites (average c. 4 . 6 $ ) . 
The garnets from the Welsh ig n i m b r i t e (G-316, Fig* 16) are c l e a r l y 
d i f f e r e n t , compositionally, from the Lake D i s t r i c t garnets. They are 
e s s e n t i a l l y o f almandine-spessartine composition w i t h only minor amounts 
of pyrope and grossular. S u r p r i s i n g l y , the garnets from the Threlkeld 
microgranite and the Armboth dyke are q u i t e d i f f e r e n t i n composition from 
each other; the former p l o t s w i t h the andesite garnets while the l a t t e r 
p l o t s w i t h the d a c i t e garnets. 
No s i g n i f i c a n t d i f f e r e n c e s i n composition were found between pheno-
crysts i n the same polished section where more than one phenocryst was 
Pig. 16 
Compositional variation i n garnets from the Borrowdale Volcanics 
(southern outcrop) and other rocks. 
Borrowdale Volcanics:-
Andesites 
O LD 174 
0 LD 176 
• LD 220 
A LD 274 
V LD 306 
A 302 
Threlkeld microgranite: 
+ LD 204 
Armboth dyke:-
X LD 277 
Dacites 
A LD 65 
• LD 175 
• LD 249 
• LD 317 
Tuff from Lincomb Tarns Form0. 
• LD 21 
Ignimbrite from Snowdonia, North Wales:-
* 316 
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analysed (G-171*, G-176, G-27^ and G -306) . Of the ten Lake D i s t r i c t 
garnets analysed i n polished section, f i v e (G-176, G-271*, G-302, G-306 
and G-317) show s i g n i f i c a n t compositional zoning and i n a l l f i v e t h i s 
zoning i s i n the reverse d i r e c t i o n w i t h the c r y s t a l becoming progress-
i v e l y enriched i n the pyrope component towards the margin. I n these 
garnets the spessartine content generally v a r i e s s y p a t h e t i c a l l y w i t h 
almandine ( i . e . decreases towards the margin) although i n one example 
(G-317) i t varies i n an o s c i l l a t o r y fashion. This reversed zoning i s 
seen i n garnets from both the andesites and the d a c i t e s . The Welsh 
garnet (G-316) i s also zoned w i t h a progressive decline i n spessartine 
content away from the centre. 
Green and Ringwood (1968a) have analysed a number of garnet pheno-
crysts i n s i l i c i c c a l c - a l k a l i n e volcanic rocks from V i c t o r i a . These are 
"quite uniform i n composition except f o r a marginal zone 10 - 40 u wide 
which i s s l i g h t l y r i c h e r i n almandine-spessartine and poorer i n pyrope 
than the r e s t of the c r y s t a l . " This tendency towards normal zoning was 
looked f o r i n a large zoned garnet (G-317) w i t h we11-developed c r y s t a l 
faces. The pyrope content of t h i s garnet, however, continues t o increase 
t o w i t h i n a few microns o f the margin and no sign o f normal zoning could 
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be found. I n other respects the Au s t r a l i a n garnets are s i m i l a r i n 
composition t o those from the Lake D i s t r i c t . 
One of the Lake D i s t r i c t garnets (G-302) shows very w e l l developed 
compositional zoning and i s worthy o f special mention. This garnet was 
found i n the Wre n g i l l Andesite and i s , the r e f o r e , from the highest 
garnet-bearing lava flow i n the succession. I t i s also the l a r g e s t 
garnet recorded from the Borrowdale Volcanics ( c . 1 cm i n diameter) 
although some o f the A u s t r a l i a n garnets described by Green and Ringwood 
(1968a) reach a size o f 2 cm. The c r y s t a l i s r e l a t i v e l y f r e e from 
inclusions except i n the centre where a core, 2mm i n diameter, contains 
numerous t i n y a p a t i t e needles and a few small c r y s t a l s of z i r c o n . This 
core i s j u s t d i s c e r n i b l e i n the photomicrograph (Plate 2 3 ) • 
Electron microprobe analyses made a t several points across the 
c r y s t a l (Plate 2 3 ) are p l o t t e d i n Pig. 16 as large open t r i a n g l e s . The 
garnet i s seen to be r i c h e r i n the spessartine molecule than the other 
Lake D i s t r i c t garnets but, more s i g n i f i c a n t l y , the analyses from the core 
o f the c r y s t a l p l o t w i t h the d a c i t e garnets w h i l s t those nearer the margin 
p l o t close t o the f i e l d of andesite garnets. 
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To examine the zoning i n more d e t a i l , a large number o f closely-
spaced points were analysed f o r i r o n and magnesium i n two traverses 
running north-south and east-west across the c r y s t a l as seen i n Plate 
23. The data from these two traverses are p l o t t e d against distance 
from the c r y s t a l centre i n Pig. 17 as s o l i d and open c i r c l e s respect-
i v e l y . The r a d i a l symmetry of the reversed zoning i s indicated by the 
s i m i l a r i t y o f the two traverses. Also noteworthy i s the sharp break 
between the i r o n - r i c h core and the more magnesian outer zone. The 
abundance of a p a t i t e and zircon inclusions i n the core o f G-302 and the 
compositional s i m i l a r i t y between t h i s core and the d a c i t e garnets suggests 
t h a t the c r y s t a l was i n i t i a l l y derived, i n some way, from a da c i t e and 
l a t e r overgrown w i t h andesite-type garnet. The s i g n i f i c a n c e o f t h i s w i l l 
be discussed l a t e r . 
I n order t o determine the abundance o f trace elements i n the garnets, 
the mineral was separated from seven rock samples (5 andesites and 2 
d a c i t e s ) . Using standard magnetic and heavy l i q u i d techniques i t was 
possible t o separate the garnets t o a high degree of p u r i t y ( > 9 9 $ ) « 
The only v i s i b l e i m p u r i t y was a small amount o f c h l o r i t e adhering t o 
some of the grains. I n the dacite garnets, the presence of zi r c o n 
Fig. 17 
North-south ( s o l i d c i r c l e s ) and east-west (open c i r c l e s ) electron 
microprobe traverses f o r Pe and Mg across garnet c r y s t a l G-302. 
The locations of the traverses are indicated on Plate 2^. 
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Distance from centre (mm) 
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inclusions i n i t i a l l y presented a problem. Repeated c e n t r i f u g i n g of 
the f i n e l y ground garnet w i t h C l e r i c i ' s s o l u t i o n , however, removed 
a l l v i s i b l e traces of z i r c o n . The separated garnet was f i n a l l y washed 
i n hot d i s t i l l e d water t o remove C l e r i c i ' s s o l u t i o n , digested i n hot 
hydrochloric acid f o r several minutes t o dissolve any remaining traces 
of a p a t i t e and then washed i n d i s t i l l e d water once more and d r i e d . Small 
q u a n t i t i e s of the garnet separates ( 1 gram) were then ground t o a f i n e 
powder i n an agate mortar, pressed i n t o boric acid-backed briquettes and 
analysed by x-ray fluorescence techniques. 
The concentrations o f Y, La, Sc, V and Cr i n the seven garnet 
samples are l i s t e d i n Table 2 together w i t h averages of the probe analyses 
( l i s t e d i n the Appendix) f o r the major elements. Other elements (Ba, Nb, 
Sr, Rb and Ni) were looked f o r but not found. The most notable feature 
of these analyses i s the abundance of Sc and Y which was f i r s t noted by 
Oliver (1956). The scandium content of the host rocks could not be 
determined r e l i a b l y because of calcium-scandium interference e f f e c t s 
although a number of approximate determinations were made. These 
suggest t h a t , f o r the southern outcrop rocks, the scandium content f a l l s 
s t e a d i l y w i t h increasing s i l i c a from about 45 p.p.m. i n the basalts t o 
a value below the d e t e c t i o n l i m i t ( c . 10 p.p.m.) i n the dacites and 
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r h y o l i t e s . These values are comparable w i t h those determined by Oliver 
( I 9 6 I ) f o r the Borrowdale volcanic rocks i n the S c a f e l l area and also 
w i t h those f o r other c a l c - a l k a l i n e regions (Norman and Haskin, 196b; 
Baker, 1968b, Taylor e t a l . 1968a, b ) . I t i s s u r p r i s i n g , therefore, 
t h a t the scandium contents of the dacite garnets (c. 660 p.p.m.) are 
more than f o u r times as high as those of the andesite garnets (100 -
155 p.p.m.). Manganese behaves i n a s i m i l a r fashion, being enriched i n 
garnets from the dacites r e l a t i v e t o those from the andesites although 
the andesites themselves contain more manganese than do the dacites. 
Almandine-spessartine garnets containing about 36OO p.p.m. of scandium 
have been reported by Frondel (1970) from a r h y o l i t e containing only 
4 p.p.m. of the element. These, however, are of hydrothermal o r i g i n 
and are not s t r i c t l y comparable w i t h the Lake D i s t r i c t garnets. 
The geochemistry o f scandium i s complex and i t seems t o obey no 
simple d i r e c t s u b s t i t u t i o n laws f o r any single major element (Norman 
and Haskin, 1 9 7 0 ) . I t i s possible, t h e r e f o r e , t h a t the behaviour of 
scandium i n the garnets i s governed more by t h e i r physical conditions 
of formation than by t h e i r c r y s t a l chemistry. This w i l l be discussed 
l a t e r . 
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Of the other trace elements determined, y t t r i u m , vanadium and 
chromium a l l enter the garnet l a t t i c e f r e e l y and may show complete 
Sttbstitution f o r the more common elements (Rickwood, 1 9 6 8 ) . These trace 
elements are a l l enriched i n the garnets r e l a t i v e t o t h e i r host rocks; 
y t t r i u m being p a r t i c u l a r l y noteworthy i n t h i s respect. The c a l c u l a t i o n 
of phenocryst/matrix p a r t i t i o n c o e f f i c i e n t s f o r these garnets i s 
complicated by the f a c t t h a t t h e i r host rocks are a l l p a r t i c u l a r l y garnet-
r i c h (chosen t o f a c i l i t a t e separation) and are almost c e r t a i n l y cumulative. 
Estimates o f these p a r t i t i o n c o e f f i c i e n t s can best be made by r a t i o i n g the 
average contents f o r the andesite and dacite garnets t o the average values 
far a l l the andesite and dacite rocks (from Table 1 , Chapter 2 ) , many o f 
the rocks being garnet-free. This procedure i s s t i l l f a r from i d e a l but 
i s adequate f o r the present purposes. Calculated i n t h i s way, the p a r t i t i o n 
c o e f f i c i e n t s f o r y t t r i u m f o r the garnets from the andesites and dacites 
are 1 } and 26 r e s p e c t i v e l y . Unlike y t t r i u m , lanthanum i s depleted i n the 
garnets r e l a t i v e t o t h e i r host rocks. For t h i s element the corresponding 
p a r t i t i o n c o e f f i c i e n t s are 0 .26 and 0 . 7 0 . The fi g u r e s f o r the dacite 
garnets compare w e l l w i t h rare-earth p a r t i t i o n c o e f f i c i e n t s determined 
by Schnetzler and P h i l p o t t s (1970) f o r garnets i n a Japanese d a c i t e . As 
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w i t h the Lake D i s t r i c t garnets, the Japanese garnets are strongly 
enriched i n the heavy rare earths and depleted i n the l i g h t rare earths 
r e l a t i v e t o t h e i r host rocks. 
Since small amounts of zircon i m p u r i t i e s could seriously a f f e c t 
the apparent rare-earth contents of the garnets i t was important t o 
obviate t h i s p o s s i b i l i t y . To t e s t the e f f i c i e n c y o f the separation 
techniques employed, the garnet samples were a l l analysed f o r zirconium. 
The la r g e s t concentration found was 225 p.p.m. (G-249) which sets the 
maximum possible z i r c o n contamination a t 0 .0^5^ since some of the z i r c o -
nium may be present i n the garnet i t s e l f . I f the rare-earth data presented 
by Nagasawa (1970) f o r zircons from two Japanese dacites may be taken as 
t y p i c a l then the e f f e c t s of such small amounts of z i r c o n contamination 
should have a n e g l i g i b l e e f f e c t on the apparent rare-earth content o f 
the garnets, 
(v) O r i g i n 
So f a r i t has been assumed t h a t the garnets are primary phenocrysts 
which c r y s t a l l i s e d from the magma. This view was held long ago by Sorby 
(1880) who considered garnet t o be an o r i g i n a l constituent of the Lake 
D i s t r i c t t u f f s . Many l a t e r workers i n the Lake D i s t r i c t , however, have 
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argued s t r o n g l y against such an o r i g i n and three a l t e r n a t i v e hypotheses 
have been proposed. These are:-
1 . The garnets are metamorphic (e.g. K. C. Dunham, i n discussion 
of O l i v e r , 1 9 6 1 ) . 
2 . The garnets were formed a t a l a t e stage i n the formation of 
the volcanic p i l e as a r e s u l t of s o l f a t a r i c a c t i v i t y and 
are therefore of metasomatic or hydrothermal o r i g i n 
(Green, 1 9 1 5 ) . 
3. The garnets are xenocrysts derived from a hypothetical 
metamorphic basement (Firman, 1 9 5 6 ) . 
Outside the thermal aureoles of the major i n t r u s i o n s the rocks of 
the Lake D i s t r i c t appear t o have suffered only the s l i g h t e s t of meta-
morphic e f f e c t s . Consequently an i n s i t u metamorphic o r i g i n f o r the 
garnets i s u n l i k e l y . Moreover, there i s abundant evidence t o suggest 
t h a t the garnets were present i n the magma p r i o r t o eruption. The occur-
rence of detached c r y s t a l fragments i n the t u f f s and ignimbrites (e.g. 
Plate 2 6 ) , the occasional development of f l o w - l i n e s around the c r y s t a l s 
(e.g. Plate 2k) and the p a r t i a l l y resorbed nature of some of the garnets 
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(e.g. Plates 19 and 23) may a l l be c i t e d i n t h i s respect. O l i v e r (1956) 
has used s i m i l a r l i n e s of evidence i n support of a magmatic o r i g i n f o r 
the garnets. 
The same evidence can be used to argue against a metasomatic or 
hydrothermal o r i g i n although an analogy between the dacite garnets and 
the hydrothermal, scandium-rich garnets described by Prondel (1970) may 
be drawn. This analogy, however, i s only s u p e r f i c i a l . M&ttgeshiro (1955) 
has emphasised the d i f f e r e n c e between garnet phenocrysts and those, 
probably hydrothermal, garnets occurring i n c a v i t i e s i n lavas. The former 
are poorer i n manganese than the l a t t e r and are compositionally s i m i l a r to 
the Lake D i s t r i c t garnets (Miyashiro, op. c i t . Pig. 1 ) . 
The only non-magmatic o r i g i n consistent w i t h the petrographic 
evidence i s t h a t the garnets are xenocrysts (Pirman, 1 9 5 6 ) . I f the 
garnets were derived from a metamorphic basement, however, i t i s hard t o 
see why they are confined e n t i r e l y t o c e r t a i n rock types. Also, one would 
expect the large number o f garnet 1 xenocrysts' observed t o be accompanied 
occasionally by fragments of t h i s h y p o t h e t i c a l metamorphic basement. No 
such metamorphic x e n o l i t h s , however, have been reported from the Borrowdale 
Volcanics. Many o f the garnets i n the dacites are p e r f e c t l y euhedral w i t h 
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w e l l developed c r y s t a l faces (Plate 2 9 ) . I t i s Impossible to reconcile 
t h i s f a c t w i t h the harsh physical removal of these garnets from a host 
metamorphic rock a? proposed by ^irman (1956)• Perhaps the most 
convincing evidence against a xenocrystal o r i g i n , however, i s provided 
by the composition o f the garnets themselves. With the exception of 
G-302, the garnets from the andesites and the dacites f a l l i n t o two 
completely separate groups (Pig. 1 6 ) . I f the garnets were f o r e i g n t o 
the magma there should not be any c o r r e l a t i o n between t h e i r composition 
and t h a t o f the host rock. This evidence also m i l i t a t e s against an 
o r i g i n o f the garnets i n v o l v i n g the metamorphism or metasomatism of the 
volcanic p i l e . 
A l l t h i s evidence supports Oliver's conclusion (1956) t h a t the 
garnets c r y s t a l l i s e d from the magma as phenocrysts. Further support 
has r e c e n t l y been provided by the experimental work o f Green and Ringwood 
(1968a, b) which showed t h a t garnet i s a l i q u i d u s - or near-liquidus phase 
i n rocks of andesitic and d a c i t i c composition at the pressures expected 
t o obtain i n the upper mantle and lower c r u s t . 
The d i f f e r e n c e i n composition between the analysed garnets i n the 
Threlkeld microgranite and the Armboth dyke are s u r p r i s i n g i n view o f the 
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s i m i l a r i t y i n composition of t h e i r respective host rocks (Hadfield and 
Whiteside, 1936; see also analyses i n Appendix). This may be taken as 
evidence t h a t these garnets were derived from the Borrowdale Volcanics 
(Hadfield and Whiteside, op. c l t . ) although analyses o f many more garnets 
would be needed f o r t h i s t o be convincing. The generally ragged appear-
ance of the garnets i n these two i n t r u s i o n s , however, i s consistent w i t h 
a xenocrystal o r i g i n . 
No d e f i n i t e conclusions can be drawn regarding the o r i g i n of the 
Welsh garnets (Plate 2 7 ) . There i s t e x t u r a l evidence t o suggest t h a t 
the garnets were o r i g i n a l l y present i n the magma ( f l o w - l i n e s s w i r l i n g 
around the c r y s t a l s ) though i t i s not c l e a r whether they are phenocrysts 
or xenocrysts. They are c e r t a i n l y d i f f e r e n t , i n composition, t o the 
Lake D i s t r i c t garnets ( P i g . 16) and are more s i m i l a r t o garnets occurring 
i n granites (Miyashiro , 1 9 5 5 ; G. C. Brown, personal communication, 1 9 7 1 ) . 
( v i ) Petrogenetic i m p l i c a t i o n s 
Garnet phenocrysts are seldom seen i n volcanic rocks and so they 
r a r e l y feature i n petrogenetic schemes. However, the demonstration by 
Green and Ringwood (1968a) t h a t , a t elevated pressures, garnet i s a 
l i q u i d u s phase i n intermediate and acid c a l c - a l k a l i n e rocks suggests t h a t 
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garnet may be more important i n the ev o l u t i o n of these rocks than would 
be implied by i t s scant occurrence. The s c a r c i t y of garnet i n volcanic 
rocks may w e l l be due t o i t s r e s o r p t i o n a t low pressure or t o i t s high 
density leading t o i t s s e t t l i n g out o f the magma r a p i d l y - rather than 
i t s general r a r i t y as a c r y s t a l l i s i n g phase. Consequently the garnets 
i n the Borrowdale Volcanics probably represent only a f r a c t i o n of those 
which were c r y s t a l l i s i n g a t depth. These garnets have an important 
bearing upon the o r i g i n and subsequent cooling h i s t o r y of the Borrowdale 
Volcanics magma. 
From i t s occurrence as phenocrysts ( r e l a t i v e l y f r e e from i n c l u s i o n s ) 
i t would seem t h a t garnet was a l i q u i d u s - or near-liquidus phase i n the 
andesite and dac i t e magmas o f the southern outcrop. Consequently, i f the 
dacites were derived from the andesites by a process of c r y s t a l f r a c t i o n a -
t i o n then garnet must have been a f r a c t i o n a t i n g phase and must have 
exerted some c o n t r o l over the composition of the r e s i d u a l l i q u i d s . Since 
the compositions o f the garnets and the host andesites and dacites are 
known i n some d e t a i l i t should be possible t o assess the consequences of 
such a c o n t r o l . 
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Perhaps the most notable feature of the garnets considered here i s 
t h e i r capacity f o r f r a c t i o n a t i n g the rare earth elements. The heavy 
rare earths (as exemplified by y t t r i u m ) are s t r o n g l y concentrated i n 
the garnets w h i l s t the l i g h t rare earths (e.g. lanthanum) are less 
abundant i n the garnets than i n the magma from which they c r y s t a l l i s e d . 
Therefore, the removal of garnet during c r y s t a l f r a c t i o n a t i o n would 
r e s u l t i n a marked increase i n the La/Y r a t i o of the r e s i d u a l l i q u i d s . 
I f only one gram of average andesite-type garnet (Table 2) was sub-
tra c t e d from 100 grams of average andesite (Table 1) the La/Y r a t i o of 
the residue would be increased by about The La/Y r a t i o of the 
southern outcrop rocks, however, remains e s s e n t i a l l y constant through-
out the range of composition ( F i g . 15) implying t h a t garnet f r a c t i o n a -
t i o n was not involved i n the e v o l u t i o n o f these rocks. This i n t u r n 
implies t h a t the andesites and dacites are not l i n k e d by any process of 
c r y s t a l f r a c t i o n a t i o n but were derived by some other process such as 
p a r t i a l melting. 
This conclusion receives f u r t h e r support from the major element 
composition and zoning of the garnets. I n any large body of magma under-
going c r y s t a l f r a c t i o n a t i o n the composition o f successive generations of 
a p r e c i p i t a t i n g phase w i l l change i n response t o changes i n the l i q u i d 
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composition (Wager and Brown, 1967)• When i n d i v i d u a l c r y s t a l s are zoned 
the zoning w i l l , i n general, r e f l e c t the change i n bulk composition of 
the phase w i t h time. Applying t h i s p r i n c i p l e t o the Lake D i s t r i c t 
garnets, one would expect the zoning i n the andesite garnets t o r e f l e c t 
the change i n garnet composition i n l a t e r d i f f e r e n t i a t e s . Since t h i s 
zoning i s i n the reversed sense, the dacite garnets should be more 
magnesian than those from the andesites. The data inP i g . 16, however, 
show t h a t t h i s i s not the case; the dacite garnets are con s i s t e n t l y 
more i r o n - r i c h than t h e i r counterparts i n the andesites. This suggests 
t h a t l i q u i d s of andesite t o dacite composition were already i n existence 
before garnet began t o c r y s t a l l i s e and so supports the p a r t i a l melting 
hypothesis. 
These two l i n e s of evidence eliminate the p o s s i b i l i t y t h a t the 
dacites of the southern outcrop were derived from the andesites by a 
c r y s t a l f r a c t i o n a t i o n process i n v o l v i n g the removal of the observed 
phenocryst phases. They do not, however, eliminate the p o s s i b i l i t y t h a t 
the andesites were derived from more basic l i q u i d s by t h i s process. I t 
i s u n l i k e l y , though, t h a t c r y s t a l f r a c t i o n a t i o n would proceed as f a r as 
andesite and then stop. Consequently, when the evidence from the garnets 
i s considered together w i t h the petrochemical evidence presented i n 
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Chapter 2 i t must be concluded t h a t a c r y s t a l f r a c t i o n a t i o n hypothesis 
f o r the e v o l u t i o n o f the southern outcrop rocks i s untenable. The 
p a r t i a l melting hypothesis of Green and Ringwood (1968b) provides a 
much more s a t i s f a c t o r y explanation. 
I n order t o understand the compositional v a r i a t i o n and zoning of 
the garnets we must consider the cooling h i s t o r y of the southern out-
crop magma. We w i l l assume t h a t the magma sui t e as a whole (basalt t o 
r h y o l i t e ) was generated by some process o f p a r t i a l melting of a pl a t e 
of oceanic crust t h r u s t beneath the Lake D i s t r i c t ( c f . Green and Ringwood, 
1968b)- The mechanics of t h i s process w i l l be discussed i n the next 
chapter. 
I n modern i s l a n d arcs i t i s possible t o estimate the depth t o the 
s i t e o f p a r t i a l melting and magma generation (Benioff zone) from seismic 
evidence (Isacks e t a l . I 9 6 8 ). This i s , of course, impossible i n an 
ancient i s l a n d arc and a more i n d i r e c t method must be employed. Hatherton 
and Dickinson (I969) have gathered together a large volume of seismic and 
chemical data f o r modern i s l a n d arcs and have shown t h a t a good c o r r e l a t i o n 
e x i s t s between the K^ O content of lavas erupted from an andesite volcano 
and the depth t o the Benioff zone beneath the volcano. They have produced 
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two curves r e l a t i n g these parameters f o r K^ O contents a t 55 and 60$ 
SiO^ re s p e c t i v e l y (Hatherton and Dickinson, op. c i t . Pig. 6). Applying 
these curves t o the K^ O contents of the southern outcrop rocks, a depth 
to the palaeo-Benioff zone o f 250 km i s obtained. Since the earth's 
mantle may have been depleted i n potassium since the Ordovician 
(Taylor and White, 1965) t h i s value must be regarded as an upper l i m i t . 
The co o l i n g h i s t o r y of a mass of andesite magma r i s i n g t o the 
surface from a depth o f 250 km i s i l l u s t r a t e d schematically i n Pig. 18. 
The temperature d i s t r i b u t i o n i n the mantle above a Benioff zone i s not 
known w i t h any c e r t a i n t y and so a calculated geotherm (Minear and ToksBz, 
1970, Pig. 11) f o r a 180 km-thick pl a t e descending a t 8 cm/year has been 
asssumed. Magma generated a t the Benioff zone (A i n Fig. 18) w i l l be i n 
thermal e q u i l i b r i u m w i t h i t s surroundings and w i l l , t h e r e f o r e , begin i t s 
ascent t o the surface a t a temperature o f around l800°C. This temperature 
i s below the extrapolated l i q u i d u s temperature f o r d r y andesite (from 
Green and Ringwood, 1968b) and i s consistent w i t h the presence of water 
i n the magma. A hyp o t h e t i c a l water-undersaturated l i q u i d u s curve f o r 
t h i s magma has been constructed p a r a l l e l t o the dry curve and i s i n d i -
cated by a dash-dot l i n e (AD) i n Fig. 18. The water-saturated l i q u i d u s 
F i g . 18 
Schematic cooling h i s t o r y of andesite magma generated a t a Benioff zone 
(A). See t e x t f o r explanation. 
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has been constructed from data presented by Brown and Schairer (1968) 
f o r andesite, and P i w i n s k i i ( I 9 6 8 ) and Lambert and Wyllie (1970) f o r 
t o n a l i t e . The water-saturated solidus curve and the curve f o r horn-
blended s t a b i l i t y i n magmas of intermediate composition are taken from 
Lambert and W y l l i e ( 1 9 7 0 ) . 
As the magma r i s e s towards the surface i t w i l l tend t o lose heat 
to the surrounding mantle. I t w i l l t r a v e l along a P - T path somewhere 
i n the area bounded by the adiabatic curve (calculated by J e f f r e y s , 1929) 
and the geotherm i n Pig. 1 8 . Magmas seldom a r r i v e a t the surface at 
temperatures much i n excess of 1200°C and so the curve AC i s probably a 
reasonable estimate of t h i s path. This curve w i l l be c r i t i c a l l y dependent 
upon the r a t e of ascent of the magma and w i l l vary considerably i n p r a c t i c e . 
Variations a t the lower end o f the curve of 100°C or so w i l l not a f f e c t 
the conclusions drawn here, however. 
The f i e l d of garnet s t a b i l i t y i n c a l c - a l k a l i n e l i q u i d s has not been 
established beyond reconnaissance experiments of Green and Ringwood (1968ab) 
i n which the oxygen f u g a c i t y was uncontrolled. Yoder (1955) has determined 
the s t a b i l i t y curve f o r pure almandine experimentally using a C0/C02 
b u f f e r t o c o n t r o l f-. , at pressures up to about 10 kb. I n Green and Ring-
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wood's experiments the appearance of garnet was confined w i t h i n the f i e l d 
bounded by an e x t r a p o l a t i o n of Yoder's s t a b i l i t y curve. Hsu (1968) has 
examined the e f f e c t s of oxygen f u g a c i t y on the s t a b i l i t y o f almandine a t 
up t o 3 kb P„ . and has shown t h a t lowering the f causes the s t a b i l i t y 
2 2 
f i e l d t o expand. More r e c e n t l y , Keesmann e t a l . (1971) have extended 
Hsu's curves up t o about 25 kb using m e t a l l i c i r o n as an oxygen b u f f e r . 
Although the r e s u l t i n g f n was lower than would obtain i n n a t u r a l l i q u i d s 
U2 
the r e s u l t i n g s t a b i l i t y curve i s probably more r e a l i s t i c than the 
o r i g i n a l curve defined by Yoder's (1955) experiments. Consequently the 
curve established by Keesmann e t a l . (1971) has been used i n Pig. 18. 
The garnets occurring i n the Borrowdale Volcanics are not pure 
almandine but contain up t o 30 molecular per cent of pyrope. I n order t o 
examine the c r y s t a l l i s a t i o n h i s t o r y of these garnets, t h e r e f o r e , the 
e f f e c t s of the pyrope component must be considered. I n Pig. 18 the 
s t a b i l i t y curve f o r pure pyrope i s t h a t determined experimentally by Boyd 
and England (1959)* Almandine and pyrope garnets are stable above ( a t 
higher pressure than) t h e i r respective s t a b i l i t y curves. I t i s probable 
t h a t the garnets considered here c r y s t a l l i s e d somewhere i n the wedge-
shaped area between these two curves, where almandine-pyrope s o l i d s o l u t i o n s 
should be s t a b l e . 
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The extent of s o l i d s o l u t i o n w i t h i n t h i s area has been examined 
t h e o r e t i c a l l y and experimentally by Yoder and Chinner ( 1 9 6 0 ) . They 
showed t h a t there i s an approximately l i n e a r r e l a t i o n s h i p between molar 
volume and composition w i t h i n the almandine-pyrope series and suggested 
t h a t the same may hold true f o r the breakdown products. From t h i s , they 
argued, i t should be possible t o calcu l a t e l i m i t s of s o l i d s o l u t i o n , as 
a f i r s t approximation, by simple l i n e a r i n t e r p o l a t i o n between the s t a b i l i t y 
curves of the end-members. This has been done using the data i n Fig. 18 
and l i m i t s o f s o l i d s o l u t i o n f o r 10 , j$0 and 50 molecular per cent of 
pyrope are ind i c a t e d by broken l i n e s . Thus, a garnet c r y s t a l l i s i n g on 
the l i n e marked '^ O^ 1 could incorporate the pyrope molecule up t o a 
maximum of 30 molecular per cent. This simple model i s , of course, only 
a crude approximation and i t s i m p l i c a t i o n s cannot be taken l i t e r a l l y . I t 
i s nonetheless adequate f o r the present purposes. 
Consider now a body of andesite magma r i s i n g t o the surface as 
depicted i n the semi-quantitative model ( F i g . 18 ). I f the magma i s 
stored i n a r e l a t i v e l y deep-seated magma chamber at B and allowed t o cool 
then garnet might be expected as a l i q u i d u s phase at E. This c r y s t a l -
l i s a t i o n path may be s i m i l a r to th a t along which the southern outcrop 
I l l 
magmas cooled. I f the magma had r i s e n t o shallower le v e l s before being 
stored (e.g. C i n Pig. 18) then garnet would not be a l i q u i d u s phase. 
Heat losses from such a magma chamber would be large because of the low 
temperature o f the surrounding rock, and the magma would cool rapidly-
enough t o undergo extensive c r y s t a l f r a c t i o n a t i o n . The cooler r e s i d u a l 
l i q u i d s from such a system would probably enter the hornblende s t a b i l i t y 
f i e l d where hornblende would c r y s t a l l i s e instead of garnet. I f the 
f r a c t i o n a t i n g magma were erupted from these shallow chambers they would 
produce a lava sequence comparable w i t h t h a t seen i n the V/est Indies calc-
a l k a l i n e s u i t e - I n the deeper magma chambers ( a t B) the p o t e n t i a l f o r 
heat loss w i l l be less so the l i q u i d s w i l l cool more slowly. Crystal 
f r a c t i o n a t i o n w i l l be less l i k e l y t o take place here and the magma may 
remain too hot t o enter the hornblende s t a b i l i t y f i e l d . This may account 
f o r the absence of hornblende i n the Borrowdale Volcanics. 
Prom these considerations i t would appear t h a t cooling at depth i s a 
pre r e q u i s i t e f o r the c r y s t a l l i s a t i o n of garnet. I n Fig. 18 the path B - E 
i s a t a pressure (10 kb) corresponding to a depth of about 30 kilometres. 
The storage of the magma a t the crust/mantle i n t e r f a c e provides a pl a u s i b l e 
explanation f o r t h i s and could imply the existence of a t h i c k c r u st beneath 
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the postulated Lake D i s t r i c t i s l a n d arc. This thickness of cr u s t (30 km) 
i s s i m i l a r t o t h a t beneath Japan (Kanamori, I96j>) and i t i s perhaps 
s i g n i f i c a n t t h a t garnet phenocrysts have been observed i n volcanic rocks 
from Japan (Miyashiro, 1 9 5 5 ) . The apparent absence of garnet from the 
northern outcrop can be accounted f o r i f the magma was stored i n 
r e l a t i v e l y shallow chambers. This could also explain the c r y s t a l f r a c t i o n -
a t i o n which seems t o have taken place i n th a t magma. 
As a magma body cools a t constant pressure beyond E on the path B - E 
i n F i g . 18 the capacity f o r in c o r p o r a t i n g the pyrope molecule i n the 
p r e c i p i t a t i n g garnet c r y s t a l s i s progressively increased. Consequently 
i f the magma i s s u f f i c i e n t l y r i c h i n magnesium, the garnet phenocrysts would 
be expected t o show a progressive enrichment i n pyrope from core t o r i m . 
Such reversed zoning i s a prominent feature of garnets from the Borrowdale 
Volcanics. Of the garnet c r y s t a l s studied, G-176 shows the most w e l l -
developed zoning ( F i g . 1 6 ) . This amounts t o an increase i n pyrope content 
of almost 10 molecular per cent from core t o r i m w i t h i n a single c r y s t a l . 
From the data i n Fig. 18 t h i s zoning could be produced by a f a l l i n 
temperature of only 30°C. The same e f f e c t could, of course, r e s u l t from 
the garnet s i n k i n g i n the magma although the c r y s t a l would need t o sink 
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about 2 . 5 kilometres t o produce the zoning seen i n G-176. A t h i r d 
explanation could be t h a t the reversed zoning i s a r e s u l t o f c r y s t a l -
l i s a t i o n under the influence of an external oxygen b u f f e r ( c f . Carmichael 
and N i c h o l l s , 1967). The general r a r i t y of reversed zoning i n the ferromag-
nesian s i l i c a t e s of c a l c - a l k a l i n e rocks (Carmichael, 1 9 6 7 ) , however, casts 
doubt on the e f f i c i e n c y of t h i s mechanism. Of these three p o s s i b i l i t i e s 
the cooling hypothesis provides the best explanation f o r the observed 
zoning. 
The c o n s i s t e n t l y higher almandine content i n the dacite garnets 
r e l a t i v e t o those from the andesites ( F i g . 16) probably r e s u l t s from the 
Fe/Mg r a t i o i n the dacites being higher than i n the andesites ( F i g . 7 ) . 
The increase i n the Mn/Fe r a t i o i n the garnets w i t h increasing almandine 
content ( F i g . 16) i s also noteworthy. Hsu ( I 9 6 8 ) has shown t h a t almandine 
becomes unstable under o x i d i s i n g conditions although spessartine i s 
unaffected. Consequently garnet w i l l tend t o be s t a b i l i s e d during growth 
by the presence o f spessartine under such conditions. Under the influence 
of an external oxygen buf f e r dacite magmas w i l l probably be more oxidised 
than andesite magmas although the absolute value of f may be lower i n 
° 2 
the former r e l a t i v e t o the l a t t e r ( c f . Lowder, 1970, F i g . 3 ) . The 
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operation of such an external b u f f e r i n the southern outcrop magmas may 
thus explain the d i s t r i b u t i o n o f spessartine i n the garnets. I t i s 
possible t h a t the oxidatio n state of the magma may c o n t r o l the scandium 
content of the garnets i n a s i m i l a r manner. 
The remarkable zoning i n G-302 has been described e a r l i e r and may 
have some petrogenetic s i g n i f i c a n c e . This garnet appears t o have s t a r t e d 
c r y s t a l l i s i n g from a dacite magma (?Langdale 'Rhyolite'; F i g . 3) but was 
l a t e r incorporated i n andesitic magma (Wrengill Andesite) where i t 
continued t o grow. The dacite-type core of the c r y s t a l may have been 
derived from a c h i l l e d veneer of dacite l i n i n g some deep-seated conduit 
through which andesite magma l a t e r passed. A l t e r n a t i v e l y i t could have 
s e t t l e d through the i n t e r f a c e between immiscible dacite and andesite l i q u i d s . 
I f the l a t t e r p o s s i b i l i t y was the case then t h i s garnet would lend some 
support t o Yoder Ts (1971) suggestion t h a t andesite and r h y o l i t e l i q u i d s 
may be derived separately from a common mafic parent by p a r t i a l melting 
and maintain t h e i r respective i d e n t i t i e s through an i m m i s c i b i l i t y r e l a t i o n -
ship. The sharp compositional break between andesite lavas and d a c i t i c 
i g n i m b r i t e s , together w i t h the p o s s i b i l i t y of a composition gap between 
garnets from the two rock types ( F i g . 16) also supports t h i s hypothesis. 
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I n conclusion i t i s proposed that the preservation of garnets i n 
volcanic rocks requires that the magma be stored temporarily i n deep-
seated magma chambers, possibly a t the crust/mantle boundary, and then 
brought r a p i d l y to the surface. I f the magma ascends slowly any garnet 
phenocrysts w i l l be resorbed. The remarkable s t a t e of preservation of 
some of the garnets from the ignimbrites (e.g. Plate 29) may be as c r i b e d 
to t h e i r rapid transport to the su r f a c e . I n addition to t h e i r considerable 
petrogenetic s i g n i f i c a n c e , garnet phenocrysts are p o t e n t i a l l y very s e n s i t i v e 
geobarometers. Further experimental work on n a t u r a l c a l c - a l k a l i n e rocks 
w i l l be needed before t h i s can be applied r i g o r o u s l y however- The semi-
quantitative approach adopted here to the occurrence and composition of 
garnet phenocrysts leaves many questions unanswered. Why, f o r example, 
are garnets confined to intermediate and aci d v o l c a n i c rocks and what i s 
t h e i r r e l a t i o n s h i p , i f any, to other phenocryst phases (e.g. a u g i t e ) ? The 
answers to these and other questions may w e l l emerge from experimental 
studies. 
Plate 17 Garnet phenocrysts (red) i n a polished s l a b of d a c i t i c 
ignimbrite (LD 175) from the Birk P e l l Group, Ul l s w a t e r . 
The specimen i s 12 cm. long. 
c. 
Plate 18 Garnet phenocrysts i n andesite (LD 17^) from the U l l s w a t e r 
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Plate 19 Garnet phenocrysts i n andesite (LD 176) from the U l l s w a t e r 
Group. 
Plane polarised l i g h t , x 27. 
1 1 
1 
Plate 20 Garnet phenocryst i n andesite (LD 220) from the U l l s w a t e r 
Group. 
Plane p o l a r i s e d l i g h t , x 56. 
A. x 27 
• 
B. x 56 
Plate 21 Garnet phenocrysts i n andesite (ID 27^) from the Grey Knotts 
Group, Borrowdale. 
Plane po l a r i s e d l i g h t . 
A. x 28 
* • 
7 
i 
B. x 56 
Plate 22 Garnet phenocrysts i n andesite (LD 306) from the Mosedale 
Andesite, Wrynose Bottom. 
Plane po l a r i s e d l i g h t . 
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Plate 23 Large garnet phenocryst i n andesite (ID 302) from the Wrengill 
Andesite, Ambleside. Note the i n c l u s i o n - r i c h core. 
Ordinary transmitted l i g h t , x 9.6 
The l o c a t i o n of east-west and north-south microprobe t r a v e r s e s 
(see F i g . 17) are shown. 
Plate ° - Euhedral garnet phenocrysts i n ?intrusive dacite (LD 65 from 
Borrowdale-
Plane polarised l i g h t , x 55. 
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Plate 25 Garnet phenocryst i n daciMc ignimbrite (LD 175) from the 
Birk Fe l l Group, Ullswater- See also Plate 17. 
Plane polarised l i g h t , x 28. 
Plate 26 Fragment of garnet phenocryst i n daci t ic ignimbrite (ID 2^9) 
from the Haweswater Ignimbrite Group. 
Plane polarised l i g h t , x 17. 
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Plate 27 Garnet phenocrysts (G-^16) i n ignimbrite from Snowdonia, 
North Wales (g r id r e f ; SH 6776 6149). 
Plane polarised l i g h t , x 15.5* 
124 
Plate 28 L:<rge eubedral garnet phenocryst i n daci t ic ignimbrite (ID 317) 
from the A i r y ' s Bridge Group, Borrowdale. 
Note the abundance of acicular apatite inclusions. 
Plane polarised l i g h t , x 20. 
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Plate 29 Large euhedral garnet phenocryst i n hand specimen of d a c i t i c 
i g n i m b r i t e (LD 317). See also Plate 28. x 14. 
CHAPTER 5 
CONCLUSIONS 
( i ) Palaeogeographic implications 
The petrochemical data presented i n Chapters 2 and 3 suggest analogies 
between the Borrowdale Volcanics and the vol c a n i c rocks of modern i s l a n d 
arcs and cont i n e n t a l margins. I t was concluded t h a t the Borrowdale 
Volcanics may have been erupted i n such an environment. Further support 
for t h i s hypothesis i s forthcoming from other areas i n Great B r i t a i n 
where Ordovician volcanic rocks are exposed ( F i g . 1 ) . The d i s t r i b u t i o n 
and development of these rocks have been reviewed by M i t c h e l l (1957)* 
I n Wales, d e f i n i t e a l k a l i - o l i v i n e b a s a l t s have been found amongst 
the Upper Ordovician v o l c a n i c rocks of Snowdonia (D. J . Hughes, personal 
communication, 1971). Further south, i n Pembrokshire, a sequence of 
a l k a l i b a s a l t s and t h e i r d i f f e r e n t i a t e s has been described from the area 
around Skomer I s l a n d (13 i n F i g . 1) by Thomas (1911). These volcanic 
rocks have r e c e n t l y been dated, palaeontologically, by Z i e g l e r e t a l . (I969) 
who consider them to l i e on or about the O r d o v i c i a n / S i l u r i a n boundary. 
I f the Lake D i s t r i c t formed part of an i s l a n d arc i n Ordovician 
times then Wales would have been s i t u a t e d on the landward side of the a r c . 
Volcanic rocks erupted on the landward side s of modern i s l a n d a r c s frequently 
show a l k a l i n e a f f i n i t i e s (Kuno, 1966). The presence of a l k a l i n e v o l c a n i c 
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rocks I n Wales, therefore, strengthens the i s l a n d arc hypothesis. 
Along the e a s t and south-east coasts of I r e l a n d are a s e r i e s of 
outcrops of Caradocian and A s h g i l l i a n v o l c a n i c rocks. These a l l l i e to 
the north-west of the I r i s h Sea g e a n t i c l i n e and are thus s i t u a t e d i n a 
t e c t o n i c a l l y s i m i l a r p o s i t i o n to the Borrowdale V o l c a n i c s . A number of 
samples of these v o l c a n i c s have been c o l l e c t e d by Dr. C. J . S t i l l m a n and 
analysed by the w r i t e r . Work on these rocks i s s t i l l i n progress but the 
r e s u l t s so f a r seem to i n d i c a t e a t r a n s i t i o n northwards from c a l c - a l k a l i n e 
to more t h o l e i i t i c magma types. The analogy with the Borrowdale Volc a n i c s 
i s obvious. I t i s proposed, t e n t a t i v e l y , that these volcanic rocks 
formed part of the Lake D i s t r i c t arc and represent a s h i f t i n the s i t e of 
active volcanism south-westwards along the arc i n Upper Ordovician times. 
The suggestion that England, Wales and most of I r e l a n d were 
situated on or near a continental margin i n the Ordovician has important 
implications i n the f i e l d of palaeogeography- These have been discussed 
by F i t t o n and Hughes (1970) and t h i s paper w i l l form the remainder of 
t h i s s e c t i o n . 
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Examination of petrochemical data on Ordovician igneous rocks from the English Lake District and Wales suggests 
that they were formed in an island arc/continental margin environment. The tectonic and palaeogeographic implica-
tions are discussed. 
1. Introduction 
Volcanic rocks form a significant proportion of the 
British Ordovician strata. They are well developed in 
southern Scotland (Ballantrae volcanics), the English 
Lake District (Borrowdale volcanics) and around many 
centres in Wales. The development and distribution of 
these volcanic rocks has been reviewed by Mitchell 
From a consideration of faunal evidence Wilson [2] 
has proposed the existence, in Lower Palaeozoic times, 
of a proto-Atlantic Ocean which separated the north-
western and southeastern forelands of the Caledonian/ 
Appalachian 'geosyncline'. As this ocean closed, 
volcanic island arcs developed around its margins. More 
recently Dewey [3] has elaborated Wilson's theory in 
terms of modern plate tectonics and proposed a model 
in which oceanic plates were destroyed along Benioff 
zones at the margins of Wilson's proto-Atlantic Ocean. 
Thus the Ballantrae volcanics were erupted along the 
northwestern side of the ocean and the Borrowdale 
and Welsh volcanics along the southeastern side. 
In recent years a great deal of attention has been 
paid to the petrochemistry of island arc volcanoes and 
the lateral variations in magma type across such arcs is 
now well known. In a review of this subject Kuno [4] 
states: I f volcanoes are scattered over a zone more 
than 50 kilometres wide, there is a systematic varia-
tion of basalt magma type from the ocean to the con-
tinental sides. In the British Ordovician, volcanoes 
were erupting contemporaneously in the Lake 
District and in Wales in a volcanic belt now 300 km 
wide. This is a conservative estimate of the original 
width because of subsequent tectonic contraction. 
Consequently a petrochemical study of these 
volcanic rocks should provide a critical test for the 
hypotheses of Wilson and Dewey. A discussion of 
currently available chemical data on these rocks is the 
purpose of this paper. 
2. Lake district 
The oldest rocks exposed in the Lake District are 
a sequence of grits, sandstones and shales forming 
the Skiddaw Group. These are overlain by a consider-
able thickness of lavas and tuffs (the Borrowdale vol-
canic group) which are in turn unconformably over-
lain by limestone and shales of Caradocian age. The 
nature of the Skiddaw/Borrowdale junction is still in 
dispute although graptolitic faunas in the uppermost 
shales of the Skiddaw Group indicate an Upper Llan-
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Fig. 1. Locality map. Numbers refer to volcanic areas cited in 
the text: 1, Ballantrae. 2, northern and 3, southern outcrops 
of Borrowdale volcanics. 4, Capel Curig. 5, Snowdonia. 
6, Lleyn Peninsula. 7, Arenig Mountains. 8, Rhobell Fawr. 
9, Cader Idris. 10, shelve area (west Shropshire). 11, Builth 
Wells. 12, north Pembrokeshire. 13, Skomer Island. Outcrop of 
Borrowdale volcanics shown stippled. The Church Stietton-
Pontesford fault system forms the southeastern margin of the 
Welsh Basin. Based on Crown Copyright Institute of Geologi-
cal Sciences map. Reproduced by permission of the Director. 
virnian age. The Borrowdale volcanics were thus 
erupted at some time between the Upper Llanvirnian 
and the Caradocian. The stratigraphy of the Lake 
District has been summarised by Mitchell [ 5 ] . 
The Borrowdale volcanics occur in two main out-
crops flanking the Skiddaw Anticline (f ig. 1). Correla-
tion between these two groups is highly problematical 
[6] although correlations within each group have 
been proposed [5,6] . 
Very little chemical data have been published on 
the Borrowdale volcanics although the calc-alkaline 
nature o f the lavas and tuffs in the Scafell-Honister re-
gion of the southern outcrop has been established by 
Oliver [7] and Strens [ 8 ] . The findings of these 
workers have been confirmed by one of the authors 
(J.G.F., unpublished results). These results (ob-
tained by X-ray fluorescence methods) are presented 
on an A.F.M. diagram in fig. 2. All these analyses 
plot about a common calc-alkaline trend suggesting 
that the rocks approximate in composition to the 
liquids from which they crystallised. The presence of 
primary almandine-pyrope garnet as a near-Iiquidus 
phase [9] suggests that crystallisation began at 
depths corresponding to the lower crust or upper 
mantle [10] . 
The difficulties involved in correlation northwards 
across the Skiddaw Anticline have been mentioned 
above. Eastwood et al. [6] have described the 
northern outcrop (Binsey-Eycott region) in detail 
and suggest that the lavas and tuffs in this area were 
erupted from vents situated to the north of the pre-
sent outcrop. 
Chemical analyses of these rocks (J.G.F., unpub-
lished results) reveal that they differ significantly 
from those of the Scafell region. Whereas in the 
Fig. 2. A.F.M. (weight %) plot of analysed samples from the 
Borrowdale volcanics. Open circles: lavas and tuffs from the 
southern outcrop (Scafell area). Closed circles: acid rocks 
and aphyric basic lavas from the northern outcrop (Binsey-
Eycott region). Closed triangles: mechanically separated 
groundmasses from porphyritic (Eycott-type) lavas from the 
northern outcrop. A = Na 2 0+ K 2 0 ; F = total iron (expres-
sed as FeO); M = MgO. Typical calc-alkaline (Cascades) and 
tholeiitic (Thingmuli) trends, both from Carmichael [32],are 
shown for comparison. 
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latter region rocks of andesitic and dacitic composition 
predominate, in the Binsey-Eycott region these are 
rare. Instead, basalts and basaltic andesites are abun-
dant with a very minor development of rhyolites. 
The basic lavas are often highly porphyritic (Eycott-
type lavas) with large phenocrysts of calcic plagioclase. 
The abundance of these phenocrysts suggests that they 
are of cumulate origin. This is supported by chemical 
analyses of the rocks which, when plotted on variation 
diagrams, give a very wide scatter of points. Good 
differentiation trends, however, are obtained when 
only analyses of aphyric basic rocks are plotted to-
gether with the analyses of acid rocks from the area. 
Analyses of groundmasses, mechanically separated 
from the porphyritic lavas, fall on these same differen-
tiation trends. 
When compared with the Scafell rocks the Binsey-
Eycott lavas are richer in iron and titanium and poorer 
in alkalies. On an A.F.M. diagram they show a pro-
nounced trend towards iron enrichment (fig. 2) and 
may, therefore, be regarded as transitional between 
calc-alkaline and tholeiitic. 
3. Wales 
The Ordovician igneous rocks of Wales present a 
complex array of rock types derived from several major 
centres. 
In the extensive Caradocian centres of the Snowdo-
nian range [11-15] the chief products of volcanism 
are acid potassic and sodic ignimbrites; these are asso-
ciated with fine-grained, epizonal intrusions almost 
exclusively of potassic granite [ 16]. The dominance of 
the acidic rocks, such features as the abundance of 
zircon and allanite, and the thoroughly potassic nature 
of the granites all point to an origin by partial crustal 
fusion for these rocks. Simple crustal melting does not, 
however, appear to be sufficient to account for all the 
features seen. For example, what appear to be primary 
magmatic garnets occur in the ignimbrites of the 
Capel Curig suite [ 17], olivine tholeiite lavas occur in 
the Devil's Kitchen in Snowdonia and late stage 
mildly alkaline dolerites are ubiquitous in Snowdonia, 
as in other centres in Wales. 
The Cader ldris centre of Llandeilian age has many 
affinities with the Snowdonian Caradocian centres, 
but the central Cader Idris granophyre is adamellitic in 
composition with associated diorite [18], suggesting 
closer affinities with a more normal calc-alkaline 
suite. 
Unequivocal calc-alkaline suites are present, as for 
example in the Lleyn Peninsula where Fitch [19] de-
scribed the sequence: basaltic andesite-andesite-
dacite-rhyodacite-rhyolite with complementary intru-
sive rocks, all of Caradocian age. At the base of the 
Ordovician a large andesite volcano developed at 
Rhobell Fawr in Merioneth [20]. Andesites also 
occur in the Arenig Mountains, at Builth Wells and in 
west Shropshire. 
Tholeiitic rocks are rare in the Welsh Ordovician. 
A major composite sill of tholeiitic affinities in 
north Pembrokeshire has been described by Roach 
[21 ] . This intrusion is of Arenig age. 
Truly alkaline rocks occur at several centres in 
Wales. A large differentiated alkaline sill at Mynydd 
Rhiw in the Lleyn Peninsula has recently been 
described [22]. As mentioned above, mildly 
alkaline dolerites occur as late stage intrusions 
throughout the Ordovician igneous centres in Wales. 
Many of the volcanic centres are characterized 
by a high content of alkalis, often with strikingly 
variable Na: K ratios. Extensive spilitization is 
reported [23] but there is no regional alkali meta-
somatism, and in any one sequence the process 
affects only certain flows [20]. Characteristic spilitic 
suites and associations of the Steinmann Trinity 
type are not present. A high initial alkali content of 
many of the Welsh Ordovician magmas is indicated. 
The final Ordovician volcanic episode in Wales 
was the eruption of the Skomer volcanic series in 
Pembrokeshire, recently redated by Ziegler et al. 
[24] to fall on or about the Ordovician-Silurian 
boundary. This appears to be a perfectly good 
alkaline differentiation sequence along the line: 
alkali olivine basalt-hawaiite-mugearite-benmoreite-
trachyte-alkali rhyolite. 
4. Discussion 
From the data presented above a pattern of varia-
tion of magma types emerges. In the Lake District, 
lavas transitional between tholeiitic and calc-alkaline 
give way southwards to true calc-alkaline lavas. In 
Wales, the picture is complicated somewhat by the 
226 J .G.FITTONand D.J .HUGHES 
strong possibility of crustal contamination. Neverthe-
less calc-alkaline magmas appear to have been replaced 
by more alkalic types during the course of the Ordo-
vician. 
This variation of magma type is essentially similar 
to that observed in modern island arc or continental 
margin environments [4] where oceanic lithosphere is 
being actively destroyed along Benioff zones [25] . 
The petrochemistry of the British Ordovician volcanics, 
therefore, provides support for the hypotheses of Wil-
son [2] and Dewey [ 3 ] . 
Recently, lsacks and Molnar [26] have demonstrated 
that the descent of lithosphere plates may not be a 
continuous process. At about 700 km depth the plate 
would come into contact with the rigid mesosphere 
and its motion may cease. A new Benioff zone may 
then develop on the oceanward side of the old one. 
In Wales, volcanicity occurred in sporadic outbursts 
throughout the Ordovician whereas in the Lake 
District it was virtually confined to a single, albeit 
large, episode. A single Benioff zone can explain varia-
tion in magma type in the post-Llanvirnian volcanics 
of the Lake District and Wales but Welsh volcanics of 
Arenigian and Llanvirnian age present a problem. It is 
possible, therefore, that these older volcanics were re-
lated to movement along an earlier, more southerly 
Benioff zone which ceased to be active in the Llanvir-
nian (cf. Dewey [3] fig. 2). 
The palaeogeographic implications of this ancient 
island arc system must now be considered. An island 
arc usually has a deep ocean trench running parallel 
to it on the oceanic side. Consequently one would ex-
pect to find evidence of an Ordovician trench to the 
north of the Lake District. Such evidence is pro-
vided by the Moffat geosyncline in the Southern Up-
lands of Scotland. The structural similarities between 
this geosyncline and a modern ocean trench are 
striking. In this context it is interesting to compare 
Williams' palaeogeographic section across the 
northern margin of the Moffat geosyncline ([27] 
fig. 5) with the seismic sections across the Japan 
trench published by Ludwig et al. ([28] fig. 2). If 
this analogy is valid then the spilites which form 
the 'basement' in the southern Uplands represent 
remnants of oceanic crust. 
As the proto-Atlantic Ocean closed, deformation, 
in the Lower Ordovician, of Moine and Dalradian 
sediments gave rise to the Scottish Highlands [3] . 
Dewey's suggestion [3] that the Ballantrae volcanics 
were erupted in an ocean trench prior to this defor-
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mation is unrealistic since volcanism is notably absent 
from modern ocean trenches. As an alternative we 
would suggest that these spilitic lavas and their asso-
ciated serpentinites, cherts and shales formed part of 
the early Ordovician oceanic crust. The development 
of glaucophane in the spilites and their association with 
eclogite [29] is consistent with their having been de-
pressed to great depth along a Benioff zone and sub-
sequently returned to the surface, possibly during the 
deformation giving rise to the Scottish Highlands. 
By Caradocian times the two sides of the proto-
Atlantic Ocean were close enough for flysch wedges 
from the eroding Scottish Highlands to reach across 
the remnants of the ocean to the southeastern side. 
Thus the active trench of the Lake District arc (Moffat 
geosyncline) was filled with conglomerates and grey-
wackes yielding shelly faunas of American affinities 
[27]. The final closure of the ocean in the Upper 
Ordovician brought movements along the Benioff zone 
beneath England and Wales to an end and volcanic 
activity ceased. 
One final question remains, that of the crustal 
structure of England and Wales in the Ordovician. Pre-
cambrian rocks occur in the Midlands, Welsh Borders, 
Anglesey and possibly at Ingleton. Bott [30 ] , using 
geophysical data, has postulated the presence of Pre-
cambrian basement beneath Wensleydale in the 
northern Pennines. Further north and west, evidence 
for the existence of Precambrian basement is lacking. 
It is thus possible, though by no means certain, that 
the northwesterly limit of sialic crust in the Ordo-
vician lay to the south of the Lake District along the 
line of the postulated Irish Sea Landmass [31] . 
The conslusions reached here are summarised in 
fig. 3, a hypothetical section through England and 
Wales in the Llandeilian. In detail these conclusions 
differ from those of Dewey [3] although the under-
lying principle of oceanic contraction is supported. The 
possibility of locating ancient plate boundaries from 
petrochemical studies of contemporaneous igneous 
rocks has been demonstrated. The results of research 
on recent volcanic rocks may thus find wide applica-
tion in the field of palaeogeography. 
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( i i ) Genesis of i s l a n d arc magmas 
So f a r , l i t t l e has been said about the genesis of the Borrowdale 
Volca n i c s magma. We have proposed that t h i s magma was generated i n an 
is l a n d arc environment and was probably produced by some p a r t i a l melting 
process. The petrochemical and mineralogical evidence points to an 
o r i g i n for the whole range of southern outcrop magma compositions ( i . e -
b a s a l t to r h y o l i t e ) somewhere below the crust/mantle boundary. C r y s t a l 
f r a c t i o n a t i o n of the observed phenocryst phases could not have played 
an important part i n the development of these magmas. The rocks of the 
northern outcrop were probably produced by a s i m i l a r p a r t i a l melting 
process although i n t h i s case the magma was modified to a great extent 
by c r y s t a l f r a c t i o n a t i o n a t a f a i r l y high l e v e l i n the c r u s t . 
T h i s p a r t i a l melting process may be common to a l l i s l a n d arc 
magmas and so deserves s p e c i a l attention here. Two questions i n p a r t i c u l a r 
need to be answered ; what i s the parent material which undergoes p a r t i a l 
melting and why do the r e s u l t i n g magmas show continuous v a r i a t i o n from 
t h o l e i i t i c to c a l c - a l k a l i n e types across i s l a n d a r c s i n a d i r e c t i o n away 
from the ocean? These questions have been considered by the w r i t e r ( F i t t o n , 
1971) who suggests that the p a r t i a l melting of oceanic c r u s t along a 
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Benioff zone can account for the observed features of i s l a n d arc magmas. 
At r e l a t i v e l y shallow depths, the p a r t i a l melting of amphibolite could 
produce magmas of the i s l a n d arc t h o l e i i t i c s u i t e . C a l c - a l k a l i n e magmas 
may be generated a t greater depths by the p a r t i a l melting of e c l o g i t e . 
T h i s paper i s presented here as a conclusion to the t h e s i s . 
EARTH AND P L A N E T A R Y S C I E N C E L E T T E R S 11 (1971) 63-67 . N O R T H - H O L L A N D PUBLISHING COMPANY 
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The partial melting, along appropriate geotherms, of a descending slab of oceanic crust is examined in the light of 
recent experimental studies. The predicted compositions of magmas generated by this model are concurrent with 
those observed in island arcs. It is suggested that magmas of the island arc tholeiitic series are produced by reactions 
involving the breakdown of amphibole at shallow depths. At greater depths partial melting of eclogite will generate 
calc-alkaline magmas. Between these two extreme types a continuum of transitional magmas could be generated. 
1. Introduction 
Lateral variation in magma type across island arcs is 
a well documented phenomenon [1 ] . A strong correla-
tion exists between the chemical composition of 
erupted lavas (notably the K 2 0 content) and the 
depth of earthquakes beneath the volcano [ 2 ] , suggest-
ing that island arc magmas may be generated at the 
inclined seismic (Benioff) zone. 
In Japan, Sugimura et al. [3] have shown that the 
volume of Quaternary lavas decreases sharply west-
wards away from the volcanic front (i.e. with in-
creasing depth to the Benioff zone). Lavas of tholeiitic 
affinities are therefore more abundant than calc-alkaline 
rocks. Alkali basalts and their derivatives are volume-
trically insignificant. 
Recently, Jakes' and Gill [4] have suggested that 
the dominance of tholeiitic lavas in Japan may be 
typical of island arcs in general and propose the 
term "island arc tholeiitic series" to describe these 
rocks. As defined by JakeS and Gill in [ 4 ] , they 
differ from members of the calc-alkaline suite in 
many important respects. They are predominantly 
basaltic whereas in the calc-alkaline suite, andesites 
predominate. They show varying degrees o f iron 
enrichment, have low potassium contents with high 
K/Rb ratios and have flat chondrite-normalised rare-
earth distribution patterns. In these features the 
island arc tholeiites resemble the ocean tholeiites but 
have low Ni and Cr contents and are, in this respect, 
similar to calc-alkaline andesites. 
The geochemistry of andesites [5] and the results 
of high pressure experimental work [6] suggest that 
calc-alkaline magmas are produced by the partial 
melting of ocean crust (or its high pressure equi-
valents) carried to great depths on descending litho-
sphere plates [ 7 ] . For this hypothesis to be valid it 
must also account for the gradual transition of magma 
type, with increasing depth, from tholeiitic to calc-
alkaline. An examination of the partial melting of 
oceanic crust along appropriate geotherms should, 
therefore, be a means of testing this hypothesis. 
2. Partial melting of oceanic crust 
The composition and structure of oceanic crust are 
not known in detail but for the present purposes we 
will accept the model proposed by Cann [ 8 ] . In this 
model, layer 2 is composed of basaltic pillow lavas 
metamorphosed to greenschist facies at the base. 
Layer 3 comprises hornblende-bearing dykes giving 
way downwards to layered gabbros. As this crust 
begins its descent beneath an ocean trench the 
superficial sediments of layer 1 are probably scraped 
off [9] and the wet basalt of layer 2 will be trans-
formed, through progressive metamorphism, to "dry" 
amphibolite. This discussion will be concerned, 
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therefore, with the fate of a 5 km-thick slab com-
posed, in its upper layers, of amphibolite grading 
downwards into gabbro. 
The melting relations of such a system are re-
presented in fig. 1. The water-saturated solidus and 
liquidus curves for olivine tholeiite together with the 
stability field of hornblende in this rock are from 
Lambert and Wyllie [10, 11]. The dry tholeiite solidus 
was determined by Green and Ringwood ( 6 ] . There is 
some uncertainty as to the exact extent of the horn-
blende stability field [12] although the curves used 
are considered adequate for the present semi-
quantitative model. Geotherms for the upper surface 
of the slab (Benioff zone) and for planes situated 1, 
2 and 5 km below this surface have been calculated by 
Oxburgh andTurcotte [13] for a lithosphere plate 
descending at a rate of 9 cm per year. These geo-
therms are included in fig. 1 and are labelled 0, 1 km, 
2 km and 5 km respectively. 
From fig. 1 it is apparent that partial melting will 
be confined to the top of the descending plate (i.e. 
within our 5 km slab of oceanic crust). It should also 
be noted that the potential for partial melting de-
creases with increasing depth down the Benioff zone. 
Geotherms for the upper levels of the slab pass rapidly 
through the wet melting interval at relatively shallow 
depths. The degree of melting here will be controlled 
by the water content of the amphibolite. At greater 
depths magmas will be generated from the lower 
layers of the crust where the geotherms tend to run 
parallel to the wet solidus. Magma generation will thus 
be slower in these regions. These theoretical considera-
tions are supported by the observations of Sugimura 
et al. [3] that in Japan the volume of volcanic 
products decreases away from the volcanic front. 
In addition to this downward decline in magma 
production the mechanisms governing partial melting 
will also vary. It is likely that all the water in the 
original ocean crust will be incorporated in amphi-
bolite to give a "dry" assemblage. Consequently, 
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Fig. 1. Partial melting model for a descending slab of oceanic crust. Calculated geotherms [13] for the upper surface of the slab 
(0) and for points within the slab located 1, 2 and 5 km below this surface are shown. The stippled area represents the field in 
which magmas are generated by reactions involving amphibole breakdown. See text for further details. 
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melting of the surface layers of the slab will not occur 
at the wet solidus (point A on fig. 1) but will be post-
poned until the amphibole begins to break down 
(at B) releasing water. This retardation of melting has 
been observed experimentally by Brown [14] in 
granitic systems containing amphibole. Between B 
and C, amphibole will break down to give a water-
saturated melt and a granulite residuum. 
At deeper levels in the slab, melting wil l be less 
influenced by amphibole breakdown. Along the 2 km 
geotherm, for example, melting will begin at point D. 
From D to E, dehydration of amphibole will generate 
a water-rich fluid phase and a small volume of water-
saturated silicate melt. Beyond E, the aqueous phase 
will be used up in the generation of more silicate melt. 
At still deeper levels amphibolite wil l transform to a 
garnet-pyroxene-water assemblage before melting 
begins [15] . 
The P—T field in which magmas will be produced 
by reactions involving amphibole breakdown is shown 
stippled in fig. 1 and in the diagrammatic section in 
fig. 2. With increasing depth this field gradually gives 
way to one in which magmas are generated by partial 
melting of wet eclogite. This will probably be 
accompanied by a progressive change in composition 
of the resulting magmas. 
3. Composition of partial melts 
Green and Ringwood [6] have demonstrated 
experimentally that partial fusion of wet or dry 
quartz eclogite will generate calc-alkaline magmas. 
In the model depicted in fig. 2 these magmas will be 
formed at depths greater than about 75 km. At 
shallower depths than this, melting will take place to 
a greater degree, especially in the upper layers of the 
slab. Since partial melting is essentially the reverse of 
fractional crystallisation, the magmas produced here 
will tend to be more basaltic than those produced 
lower down the Benioff zone. 
Experimental data bearing on the composition of 
these basaltic magmas are lacking. The experiments of 
Yoder and Tilley [16] and Green and Ringwood 
(model I I ) [6] are not applicable since they were 
carried out at 10 kb or less and were thus largely 
within the field of amphibole stability (fig. 1). Wet 
partial melting under these conditions would leave an 
amphibole-rich residuum whereas the liquids consid-
ered here would be produced by amphibole break-
down reactions. Nevertheless, it is possible to make a 
qualitative assessment of the composition of these 
magmas from a knowledge of the phases present in 
equilibrium with them. 
Carmichael [17] has shown that the oxygen 
fugacity of liquids in equilibrium with amphibole 
will be buffered along a temperature—/0 curve 
running parallel to, but at higher f 0 than, the fayalite-
magnetite-quartz buffer. The experimental data of 
Osborn [18] suggest that under these conditions 
fractional crystallisation (and presumably partial 
melting) of a basaltic parent will give rise to a magma 
suite showing iron enrichment. In this respect these 
magmas are analogous to the island arc tholeiitic 
series. At greater depth the increasing dominance of 
iron-rich garnet in the residuum will prevent marked 
iron enrichment in calc-alkaline magmas [ 6 ] . 
As the descending slab o f ocean crust transforms 
to amphibolite the trace element geochemistry of the 
original ocean tholeiite will be inherited by the 
resulting amphibole. Consequently the trace element 
distribution in partial melts produced by the break-
down of this mineral wil l be partly governed by 
amphibole-liquid partition coefficients. Schnetzler 
and Philpotts [19] have determined these partition 
coefficients for the rare-earth elements and have 
shown that for amphiboles, the values for the individ-
ual members of the group are fairly constant and 
slightly less than unity. Consequently a liquid pro-
duced in equilibrium with amphibole in the descending 
slab will have a similar rare-earth distribution pattern 
(though slightly enriched) to the original tholeiite of 
the ocean crust. 
At greater depths amphiboles will be replaced by an 
eclogite assemblage and the distribution pattern of 
partial melts will be controlled by equilibrium with 
garnet and pyroxene. The garnet molecule will 
incorporate heavy lanthanides (Gd-Lu) more readily 
than the lighter ones (La-Eu) [19] and so liquids 
in equilibrium with garnet will tend to be relatively 
enriched in the light rare-earths. This type of pattern 
is characteristic of calc-alkaline rocks. The rare-earth 
distribution patterns predicted by the present model 
are thus consistent with those observed in island arc 
magmas. 
A similar argument has been used by JakeS and 
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Fig. 2. Diagrammatic section through the descending slab to 
illustrate the melting relations. Curves S and L are the water-
saturated solidus and liquidus curves (fig. 1) for olivine 
tholeiite [10, 11]. The stippled area and the labelled points 
are the same as in fig. 1. For clarity, the thickness of the slab 
has been exaggerated five times. 
White [20] to explain variations in K/Rb ratio in 
island arcs. As noted earlier this ratio decreases with 
increasing depth to the Benioff zone. These authors 
suggest that, since K and Rb will not enter readily 
into garnet or pyroxene, the K/Rb ratio of a melt will 
reflect that of the phase undergoing partial melting. 
Thus rapid melting of amphibole (with high K/Rb) in 
the upper layers of the slab wil l give magmas with a 
similar ratio. At greater depths K and Rb wi l l no 
longer be accommodated in amphibole, and phlogo-
pite (with low K/Rb) may occur as a separate phase. 
Partial melting involving this phase wil l produce 
liquids with low K/Rb ratios. The decreasing ratio of 
melt to residuum with increasing depth, together 
with the inability of potassium to enter garnet and 
pyroxene, accounts for the observation that the K 2 0 
content of magmas increases with increasing depth to 
the Benioff zone [ 2 ] . 
Finally, the low abundance of Ni and Cr in island 
arc tholeiites is consistent with their derivation from a 
mafic source, such as oceanic crust rather than an 
ultramafic source. Hypotheses involving a mantle 
origin for these rocks require extensive fractionation 
of olivine to reduce the abundance o f these elements 
[ 4 ] . 
4. Conclusions 
The broad geochemical features of island arc 
volcanic rocks as outlined above are consistent with 
the hypothesis that they are derived by the partial 
melting of oceanic crust. Alternative mechanisms such 
as the derivation o f island arc tholeiites by the reaction 
of these partial melts with mantle material above the 
Benioff zone [ 4 ] , however, cannot be ruled out. 
Indeed, some equilibration with overlying mantle 
material would be expected in the early stages of 
island arc development. An assessment of the im-
portance of this mechanism is, however, beyond the 
scope of the present paper. 
The theoretical melting relations in a slab of oce-
anic crust are shown in fig. 2. As in fig. 1, the stippled 
area represents the field in which magmas are 
derived by amphibole breakdown reactions. In this 
model tholeiitic magmas are produced at depths of 
40—60 km. From 60 to 75 km transitional magmas 
are developed and below 75 km the magmas are 
caic-alkaline. 
These values are in general agreement with 
observed seismic zone depths in some island arcs. Thus 
in New Britain, tholeiitic volcanoes are associated 
with a concentration of earthquake foci at depths of 
40 to 60 km [ 2 1 ] . In other arcs, however, tholeiitic 
magmas are associated with deeper seismicity. In 
Japan, for example, they occur in areas where the 
seismic zone is located at depths of about 100 km 
[1 ] . These discrepancies are not surprising in view 
of the uncertainties in the positions of some of the 
curves in fig. 1. Thus an increase in the upper 
stability limit o f amphibole would extend the zone of 
tholeiitic magma generation to greater depths. There 
is some evidence to suggest that amphibole is more 
stable under water-deficient conditions [22] or in 
systems in which the activity of water is lowered by 
the presence of other volatiles [23] . Furthermore, 
magmas are not likely to be released from the slab as 
soon as they are generated but may well be carried 
to greater depths before they can escape to the 
surface. 
So far, little mention has been made of the alkali 
basalt suite in island arcs. Unfortunately, phase 
relations at depths appropriate to the generation of 
these magmas (greater than 200 km) are not known. 
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It is, therefore, not possible to predict the behaviour 
of our model at these depths. 
Finally, it must be emphasised that the model 
presented above involves a plate descending at a rate 
of 9 cm per year. Different rates of motion wil l still 
produce the same magmas but in different propor-
tions. When more petrochemical data have been 
accumulated from island arc volcanics it may be 
possible to test the model further by correlating the 
volumes of the different magma types with the rate of 
sea-floor spreading. 
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Abstract—Experiments are described which demonstrate considerable atmospheric oxidation 
of ferrous iron in hydrous igneous rocks during routine grinding in a disc mill prior to chemical 
analysis. The causes and implications of this oxidation are discussed. 
INTRODUCTION 
THE SUSCEPTIBILITY of ferrous iron in rocks and minerals to non-quantitative oxida-
tion during analysis is well established, and has received much attention from 
analysts over many years. The diversity of techniques by which this tendency can 
be suppressed has been covered in a recent review by SCHAFER (1966). I n contrast, 
awareness among authors of the effects of sample preparation on the apparent oxida-
tion status seems to be limited, and on the rare occasions when mention is made the 
reference is usually to practices accepted before mechanical methods of sample 
reduction became widespread. 
The effect of the various methods of sample preparation on ferrous iron content is 
twofold: 
(i) Contamination can arise from particles of metallic iron derived from milling 
equipment. This has only recently been examined by RITCHIE (1968). Errors 
become significant when comparisons are made between different laboratories and 
various methods, but otherwise the effect is relatively trivial. 
(ii) Atmospheric oxidation of ferrous iron is possible during milling, particularly 
in the last stages when the powder is fine and local temperatures are high. This can 
be far more severe with some rocks than is commonly accepted, and the evaluation 
of such errors is the primary object of this note. 
I t has long been the practice among reputable analysts to carry out determinations 
of the oxidation status of a rock only on a coarsely ground (but representative) 
batch of fragments set aside for the purpose. This precaution can be traced back 
to the observation by MAUZELIUS (1907) that significant oxidation of most rocks 
could be brought about by very fine milling. I t is interesting to note that up to 
this time the use of extremely fine powders had been advocated by such authorities 
as HILLEBRAND and WASHINGTON in the interests of the rapid solution of the material. 
In later publications, however, both authors adopt the cautionary tone set by 
MAUZELIUS (HILLEBRAND, 1908; WASHINGTON, 1919), although their recommenda-
tions differ in detail. 
From the accounts given by these authors, i t is clear that significant oxidation 
occurred only after crushing or grinding for long periods, usually much greater than 
half an hour. I t is important to recognise that these times are not directly comparable 
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with milling times in modern mechanical equipment. In view of the high efficiency 
of modern methods, and the demand for fine powder imposed by rapid instrumental 
methods of analysis, there are good grounds for a review of the situation. 
TECHNIQUE 
The mill used in these experiments was a Tema Laboratory Disc Mill model T 100 with a 
tungsten carbide Widia grinding barrel. The barrel was sealed with a smooth rubber gasket. 
The conditions were those routinely used in these laboratories, except for the method of repeated 
sampling described below. 
All experiments were carried out on 100 0 ± 0-5 g of rock chips (less than 1 cm in size) 
produced by a mechanical jaw crusher. Two sampling methods were adopted. The first 
consisted of grinding separate 100-g samples of the same rock continuously for three and six 
minutes respectively. The results of this method define the broken line of Fig. 1. 
The continuous line of Fig. 1 and all the data of Fig. 2 were derived by the alternative 
method which was designed to allow effectively free access of air and frequent sampling. In 
this method, the grinding process was interrupted at the intervals shown in Fig. 2 to permit 
the abstraction of a representative sample of approximately 1 g. The time axis of the graphs 
records the grinding times exclusive of sampling intervals. 
All the ferrous iron measurements were obtained by the oxidising-decomposition method 
of W I L S O N (1955). The water determinations were carried out by the R I L E Y (1958) method. 
For this purpose, the sample extracted after three minutes of grinding was chosen to represent 
each specimen, and all such samples were dried for several hours at 110°C prior to water deter-
mination. 
RESULTS 
Figure 1 shows the results of experiments carried out on one rock, No. 12 in 
Table 1. The continuous line is the outcome of grinding interrupted at the times 
shown to allow sampling and the admission of fresh air. The line therefore approxi-
mates closely to the oxidation pattern in an abundant excess of air. The point 
7 0 | I 
O 
a-
C 6 . 0 
CD 
0 1 , 2 3 * 5 6 
Grinding time (minutes) 
Fig. 1. The variation in FeO content with time of grinding for specimen No. 12. 
The unbroken line shows the result of repeated sampling as described in the 
text. The broken line represents experiments in which samples were ground 
continuously in the sealed mill for the times shown. The theoretical limit of 
oxidation under the latter conditions is shown by the dotted line. 
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Fig. 2. "Loss curves" for the rocks described in the table. Open circles denote 
grinding with effectively free access of air (see text). The dark circle (rock No. 12 
only) represents brief hand grinding under acetone. 
appearing at zero grinding time was obtained from fragments ground briefly by 
hand under acetone in an agate pestle and mortar, and therefore represents the best 
possible estimate of the true FeO value. 
Besides illustrating the degree of oxidation which can occur in circumstances 
which favour i t , the curve has two features which are notable. The slight initial 
slope, which probably represents the rapid-breaking first phase of grinding during 
which little heat is generated, steepens into a region of maximum slope. This appears 
to be the upper part of a hyperbolic decay curve; the asymptotic character is more 
pronounced in other specimens studied. 
The points shown by triangles identify two runs of continuous grinding for the 
times shown without admission of air beyond the amount present in the mill at the 
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Table 1 
FeO-bearing mineral Initial % PeO 
Specimen Rock type Locality assemblage* (extrapolated) % H 8 0 + 
1 Trachyte S.W. Greenland Bi 0-34 465 
2 Granite Aberdeen Bi<-0) 1-39 0-70 
3 Rhyodacite Lake District Chl-Am-O(-Gt) 1-82 155 
4 Microsyenite S.W. Greenland Bi 206 0-80 
5 Dacite tuff Lake District Chl-Am-O(-Gt) 2-54 1-60 
6 Dacite tuff Lake District Chl-Arn-O(-Gt) 3-20 1-96 
7 Andesite tuff Lake District Chl-0 3-78 2-20 
8 Dacite pitchstone Lake District Chl-Of 3-88 200 
9 Eucrite Ardnamurchan Ol-Cpx-Bi 4-82 110 
10 Andesite Lake District Chl-0 5-08 3-38 
11 Foyaite S.W. Greenland Bi-Am 5-84 1-27 
12 Basalt Lake District Chl-Cpx-0 6-80 2-90 
13 Basalt tuff Lake District Chl-Cpx-0 7-40 3-80 
14 Trachyte S.W. Greenland Bi -Chl-0 8-04 2-00 
15 Olivine basalt Iceland Cpx-Ol-0 9-18 0-20 
* Am = amphibole, Bi = biotite, Chi = chlorite, Cpx = clinopyroxene, Gt = garnet, O = opaque oxides, 
01 = olivine. 
Minerals arranged in order of abundance with minor phases in parenthesis, 
f FeO is also present in the brown devitrified groundmass. 
outset. Clearly the one-minute open circle also represents the result of an experiment 
of this type, and one can therefore draw through these three points a line (shown 
broken), comparable with the unbroken one, which describes the oxidation character-
istic when the only air available is that denned by the volume of the milling vessel. 
The divergence between the broken and unbroken curves demonstrates the 
limiting effect imposed by the quantity of oxygen available in the sealed milling 
vessel. A theoretical limit can be calculated from the known volume of the mill and 
this is represented by the dotted line in Fig. 1. The agreement with the declining 
rate of oxidation is obvious, and the oxidation is therefore undoubtedly atmospheric. 
In the experiments described below, which provide the data for Fig. 2, the 
repeated admission of air to the mill when samples are being extracted is assumed to 
correspond, to all intents and purposes, to the ideal situation iri which oxygen is 
freely available at all times. The data of Fig. 1 demonstrate that the assumption 
holds good for nearly all the curves. On the other hand, limitation of the oxidation 
in this manner can be significant at the continuous grinding times used in routine 
work with this equipment. This fact may find application as a means of correcting 
for ferrous iron loss when it is known to be large and long grinding times are used. 
A simple correction can be derived from the volume of the mill, the weight of rock 
used and the measured FeO content. 
Figure 2 summarises the results of comparative experiments on fifteen rocks 
of widely varying composition, carried out with repeated admission of air. Comparison 
immediately shows a broad correlation between the amount of FeO lost and the 
initial ferrous iron content. This is difficult to evaluate because the loss curves are 
by no means linear and vary with a number of uncontrollable factors. Nevertheless 
some representation of susceptibility to oxidation has been attempted, and its 
relationship to the initial FeO content is shown in Fig. 3 . 
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The function used is the area bounded by the loss curve in question, a horizontal 
line intercepting it at the five-minute stage, and the vertical axis. This area function 
has been found suitable on an empirical basis for the following reasons: 
(i) The initial plateau present on some curves is given a low weighting in the 
final value. This is appropriate because i t is regarded as a function only of rock 
hardness. 
(ii) Cases of rapid but short-lived oxidation are distinguished from those in 
which oxidation begins late or proceeds slowly, but shows no sign of abating at 
five minutes. Taking simple differences in FeO values does not achieve this distinc-
tion. 
(iii) Taking some slope function would only emphasise differences in the rate of 
reaction, which in itself is not the object of the present investigation. 
Three distinct groups emerge from Fig. 3. Most of the rocks fall on a common 
trend running from No. 1 to No. 14. I t is significant that all such rocks have chlorite 
or biotite as the principal ferrous iron-bearing phase. Accordingly they all contain 
significant amounts of combined water, but no correlation emerges beyond this 
qualitative one. 
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Fig. 3. Relative area under each loss curve, expressed as a percentage of the 
greatest (No. 14), plotted against initial weight percent FeO (extrapolated). 
Statistical uncertainty is shown by the vertical lines through the data points. 
The vertical extent is equal to twice the area of a hypothetical rectangle in Fig. 2 
whose base is five minutes, and whose height is equal to the standard deviation 
of data points about the loss curve or the estimated analytical standard deviation, 
whichever is the larger. 
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Two rocks appear to have the power to resist oxidation on the scale shown by the 
main trend. This power is almost total in No. 15, an olivine basalt having no 
microscopically visible trace of any hydrous mineral phase. Specimen 9 is more 
readily oxidised but nevertheless stands apart from the main trend. In this rock, a 
eucrite, the ferrous iron resides mainly in fresh olivine and pyroxene, but minor 
biotite is also present. The intermediate position of this rock in Fig. 3 lends some 
weight to the influence of biotite (and, by analogy, chlorite) in determining suscepti-
bility to oxidation. 
Specimen 8, a porphyritic pitchstone containing a few small chlorite pseudo-
morphs after pyroxene, shows higher loss relative to initial FeO than any other rock 
in the experiment. In this rock, however, it is probable that a major part of the 
ferrous iron resides in the devitrified groundmass, conceivably in incipient chlorite. 
I t is not unreasonable to ascribe the anomalous rate of oxidation to the extremely 
fine state of division of the groundmass iron-bearing phases. 
The relationship between these three groups points to a pattern of oxidation 
strongly dependent on mineralogical constitution. This is supported by the forms 
of some of the loss curves which (Fig. 2, Nos. 5, 7, 10) show exponential decline 
towards asymptotes situated at fairly high levels of ferrous iron content. I t is 
reasonable to suppose that such limits are determined by the proportion of minerals 
resistant to oxidation. I t appears from the limited experiments described here that 
certain hydrous silicates are very susceptible to oxidation, while other minerals 
maintain considerable resistance to it . 
Since the emphasis of this work is petrological, tests on individual minerals have 
not been attempted. I t is nevertheless clear that a very large proportion of the 
ferrous iron in biotite and chlorite (and possibly some amphiboles) can become 
oxidised by the atmosphere during rock grinding. TZVETKOV and VALYASHIKHIKA 
(1956) have observed oxidation in biotite with extended grinding which is brought 
about by structural water, but this is not the dominant mechanism for the effects 
described here. Simple surface oxidation is a much more likely explanation, since the 
potential for the generation of new surface area with grinding is clearly very great 
with the layer silicates. Such a model does, however, require that the sheets are 
reduced to an extraordinary degree of fineness in order to account for the amount 
of oxidation observed in these experiments. I n fact a simple calculation shows that 
the average thickness of such sheets after a few minutes of grinding can be only one 
order of magnitude greater than the depth of penetration of oxidation. Very fine 
division of these minerals brought about by the abrasive effect of the hard silicates 
present can be expected in the rocks studied. Nevertheless some mechanism may 
exist, possibly involving exchange with hydroxyl ions, whereby oxidation can 
penetrate to considerable depths below the surface. 
The evidence presented here clearly precludes the use of powders produced by 
routine disc-milling for ferrous oxide determination in a large number of cases. 
When ferrous oxide must be determined very accurately (for example, for the evalua-
tion of oxidation ratios) i t is essential that a sample of the rock be ground very 
carefully by hand, preferably in a non-oxidising medium such as acetone. During 
the course of these experiments i t has been found that rock samples removed from 
the disc mill after only 30 sec of grinding are usually fine enough for complete 
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solution in cold hydrofluoric acid, although oxide minerals sometimes present a 
problem. Such samples show only slight oxidation (Fig. 2 ) and could well be used 
for routine ferrous oxide determinations on most rocks. 
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APPENDIX 3. 
Chemical a n a l y s e s of rock samples. 
Major-element a n a l y s e s are expressed on a water- and 
carbon d i o x i d e - f r e e "basis, normalised to 100$ t o t a l * 
( a ) Southern outcrop. 
* I g n i m b r i t e s . 
C C a s t l e Head d o l e r i t e . 
H Haweswater Complex. 
K Minor i n t r u s i o n s . 
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(h) Northern outcrop. 
* Ignimhrites. 
A Aphyric lavas. 
CP Carrock Pel l Complex. 
E Emhleton intrusion. 
GC Great Cockup •picr i te 1 
Specimen nurnbers with the suf f ix 'G 1 are groundmasses separated 
from Eycott type lavas. 
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(c ) Analyses of garnet-bearing samples referred to in the text 
"but not plotted on the variation diagrams. 
LD 21 Tuff from Lincomb Tarns Formation. 
LD 204 Threlkeld micro granite. 
LD 277 Armboth dyke. 
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APPENDIX 4* 
C.I .P .W. Norms. 
Pe 9 0. / PeO taken as 0.808 (by weight). 
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APPENDIX 5» 
E l e c t r o n microprobe analyses, 
(a) Clinopyroxenes. 
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APPENDIX 6. 
Eight-figure National Grid references of sample l o c a l i t i e s . 
The samples are l i s t e d "by area and stra t i g r a p h i c unit (Pig« }>)• 
Within each unit they are l i s t e d numerically. 
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